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Summary 
 
The development of nanostructured coatings which exhibit enhanced mechanical properties is 
currently of interest due to the importance of high performance coatings in a large range of 
applications. Single layer coatings have predominantly been used for these demanding 
applications, however the promising mechanical properties observed in multilayer coatings 
has shifted the focus of current research. In particular, there has been reports of the use of 
alternating materials with opposing mechanical properties, as seen in the abalone shell, which 
have exhibited hardness and toughness values significantly greater than either of their 
constituent materials. The main objective of this thesis was to fabricate Al/W nanostructured 
multilayers and determine if they exhibit enhanced mechanical properties. 
 
The Al/W nanostructured multilayers were fabricated using two different deposition 
techniques: pulsed magnetron sputtering and cathodic arc deposition. These two techniques 
differ in the energy of the depositing species and this results in significant differences in film 
properties. The indentation hardness of the coatings was measured using a Hysitron 
Nanoindenter. The relationship between the mechanical properties and microstructure was 
obtained using a range of characterisation techniques. Auger electron spectroscopy (AES), 
energy dispersive spectroscopy (EDS) and electron energy loss spectroscopy (EELS) were 
used to determine the chemical composition and stoichiometry, while cross-sectional 
transmission electron microscopy (XTEM) and energy filtered transmission electron 
microscopy (EFTEM) were used to explore the microstructure. 
 
The findings of this thesis showed very different results for the two deposition techniques. 
Although sputtering successfully produced well defined multilayers, no evidence of enhanced 
hardness was found for periods between 5 and 200 nm. On the other hand, arc deposited 
samples with intended periods between 1 and 200 nm showed a hardness enhancement above 
that of pure W, however the samples of highest hardness did not contain Al layers for much of 
their thickness. Arc deposited samples with the finest nominal periods (1 and 2 nm) contained 
W-Al intermetallics and were soft. The hardening mechanism was not attributed to a 
multilayer structure, rather to the introduction of defects in the W layers which acted as 
pinning sites for dislocations. A modified Hall-Petch equation for hardness enhancement 
fitted the data for W films prepared by pulsed cathodic arc in which the grain diameter was 
replaced by the nominal multilayer period. The difficulty producing Al layers on W surfaces 
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in the cathodic arc was overcome by changing the film growth mechanism by introducing Ar 
or O2 at the W/Al interface. In the latter case, Al2O3/W multilayers were formed but again 
showed no hardness enhancements. Complete microanalysis and characterisation of the 
multilayer structures is vital in determining the mechanisms which govern the hardness 
enhancements. The evidence in this thesis suggests that the defect density, and not the 
presence of interfaces are responsible for the hardness enhancement effect. 
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Chapter 1: 
 
 
 
Introduction 
 
 
1.0 – Importance of Coatings 
 
Coatings have been used to enhance the optical, electrical and mechanical properties of 
materials. The range of applications is extensive, crossing into many industries including 
surface protection, electronics and medical technology. With the demand on protective 
coatings expanding from traditional industries like tool steel coatings to emerging areas such 
as biocompatible coatings for bio-implants, much emphasis has been placed on creating new 
types of dense coatings which have increased hardness, good adhesion and are free from 
cracks and voids.   
 
The disadvantages of single layer systems include slippage at the coating/substrate interface. 
Although in large part these coatings have been successful, their tendency to fail has resulted 
in the search for alternative suitable coating systems. For this reason, investigations into 
designing and synthesising multilayer systems with exceptional properties are at the forefront 
of coating research.  
 
Perhaps one of the most intriguing observations of the benefits of multilayered structures on 
mechanical properties was the discovery of the superior properties exhibited by the abalone 
shell. This naturally occurring material consists of alternating layers of calcium carbonate 
and a soft protein and shows exceptional toughness [1-3]. The mechanical properties 
exhibited by the abalone shell far exceed that of either of its constituent materials. This 
display of exceptional mechanical properties has drawn vast amounts of excitement, with the 
increased attention bringing large expectation and anticipation of custom making similar 
structures for demanding commercial applications.  
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The concept of multilayered coatings has been utilised in many applications to date. Most 
electronic devices consist of some level of material layering to produce devices which exhibit 
the desired electrical properties [4]. Commercial products like COLORBOND® steel [5] 
used in roofing and fencing also has a layered structure to improve adhesion and to protect 
the product from the elements. Window glazes have also used multilayered technology to 
control the level of reflection and transmission for improved energy efficiency. The need to 
minimise the size of components and devices across most industries has resulted in research 
moving away from the millimetre scale, through to the micro and more recently the 
nanoscale. 
   
 
1.1 – Development of Nanostructured Multilayer Coatings  
 
Nanostructured multilayer coatings consist of an alternating structure of two or more 
materials. Its dimensions are generally defined by either the individual layer thickness, or the 
period length represented by lambda (Λ), which is the sum of one of each materials individual 
layer thicknesses. A schematic representing a multilayer system and Λ is given in Figure 1.1. 
 
 
 
Figure 1.1: An example of a multilayer coating, defining the period size (Λ). 
 
Research into multilayer coatings has increased significantly over the past few decades. 
Alternating layers of different materials have in some instances [6] shown huge promise in 
improving the mechanical properties that can be exhibited by coatings. Some researchers have 
observed a significant increase in hardness and elastic modulus of up to 300% over individual 
layers for multilayer structures with periods thicknesses typically in the nanoscale [7-9]. 
Recent advances in thin film deposition techniques has allowed nanostructured multilayer 
coatings which are tailored for specific applications to be fabricated [10-13]. A possible 
explanation for these increased hardness and modulus values, compared to either of the single 
phase constituents, is the ability to inhibit crack propagation and dislocation motion [14-16]. 
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The exact nature however is still unclear, but is believed to be related to either the Hall-Petch 
[15,17] effect, dislocation line energy effect [16,18,19], coherency strain effect [20] or the 
Supermodulus effect [7,21] . Even 30 years after the first report of enhanced mechanical 
properties, there is considerable debate within the thin film community as to the origin of 
these effects since they are not observed consistently for all multilayer systems.     
 
 
1.2 – Thesis Aims and Objectives 
 
The key objective of this work is to investigate the conditions that lead to the formation of 
multilayer films of AlOx and W, as a function of the layer period. The AlOx/W multilayer 
system is of interest from several viewpoints. If x=0, the layers have contrasting mechanical 
properties and mimic the hard and soft structure of the abalone shell. When x>0, the 
crystallography of the layers is very different allowing crack propagation to be inhibited. 
Different multilayer periods were selected, in most cases ranging from 200 nm down to 1 nm, 
to observe if Λ had any influence on the mechanical properties observed. Two different 
physical vapour deposition (PVD) techniques were used to determine the effect deposition 
conditions have on the microstructure and properties exhibited by the coatings: pulsed 
magnetron sputtering and pulsed filtered cathodic arc. The differences between these 
techniques are significant. Pulsed magnetron sputtering deposits primarily low energy neutrals 
[22], while cathodic arc involves the use of energetic ions typically with energies in the range 
of 20-120 eV [23,24]. The incident energy of the depositing particles is known to have an 
important influence on the stress generated within the films and on the microstructure [11,25]. 
 
Key Objectives: 
 
1. Explore ways of monitoring in-situ when a continuous layer is formed and 
determining the deposited layer thicknesses. 
 
2. Fabricate and characterise Al/W multilayers using pulsed magnetron sputtering and 
pulsed filtered cathodic vacuum arc. 
 
3. Perform indentation hardness, elastic modulus and stress on the coatings and correlate 
these quantities to the observed microstructure. 
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4. Determine whether the W/AlOx multilayer system exhibits enhanced mechanical 
properties. 
 
5. Perform density functional theory calculations to explore theoretically the binding 
energies of atomic Al on a W(110) surface and the preferred site for Al adsorption. 
 
6. Examine the effect of varying the energy of the ions in cathodic arc deposition by 
controlling the substrate bias and depositing in an Ar background gas. The effect of 
forming an oxide at the W/Al interface is also explored. 
 
 
1.3 – Thesis Outline 
 
Chapter 2 provides a review of the fundamentals of thin film formation, and the role which 
the deposited structure has on the properties exhibited. A general description of the early 
stages of film growth is discussed, from nucleation through to the formation of a continuous 
layer. The affect of ion energies and surface energies is included to emphasise the complex 
nature of film growth. An introduction to the concept of stress formation is also included, with 
possible mechanisms for stress reduction in coatings being discussed. The influence which 
film structure has on the indentation hardness and modulus, and the theories associated with 
the enhanced values sometimes observed in multilayer structures is also outlined.  
 
Chapter 3 gives details on the experimental aspects of this work. The first section discusses 
the deposition techniques used to deposit the multilayer coatings, with details on the system 
design and components. The main characterisation techniques employed are summarised in 
the following part of this chapter. The remainder of this chapter includes details on the 
techniques and equipment used for the stress and indentation hardness measurements. 
 
Chapter 4 investigates two alternative techniques, in-situ resistivity and in-situ ellipsometry, 
for measuring film continuity and thickness. In addition, an innovative method for producing 
nanostructured multilayers using ion beam modification is presented. 
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Chapter 5 presents investigations into pulsed magnetron sputtered Al/W multilayers with 
periods between 10 and 200 nm. Mechanical property measurements are performed and the 
results are discussed with reference to the microstructure of the coatings. 
 
Chapter 6 investigates pulsed cathodic arc samples deposited on a floating substrate potential 
with periods between 1 and 200 nm. A discussion of the measured mechanical properties is 
included, with reference to the observed microstructure.  
 
Chapter 7 investigates the conditions which lead to the successful formation of Al/W 
multilayers using cathodic arc. Density functional theory was used to explore the bonding 
between Al and A W surface. Attempts were made to change the energy of the depositing ions 
in the cathodic arc by biasing the substrate. The use of an Ar background gas and forming an 
oxide layer at the W/Al interface are also explored. 
 
Chapter 8 presents an overall conclusion for this work, with a recommendation for future 
work in this area. Further fundamental research questions are suggested.  
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Chapter 2: 
 
 
 
A Review of Thin Film 
Formation 
 
 
 
The objective of this chapter is to discuss the theoretical 
foundations which give rise to thin film formation. In order to 
fabricate multilayer structures which are tailor made to specific 
applications, a thorough understanding of how thin films grow is 
required. Included in the first section of this chapter is background 
information on the parameters that govern film growth and the 
resultant structures observed. The second section covers the 
important area of stress in coatings, which can limit performance. 
 
 A review of prior work in the area of multilayer coatings is 
provided, with a particular emphasis on observations of enhanced 
indentation hardness. Finally, models which could explain the 
observed enhancement in hardness of multilayer coatings are 
discussed. 
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2.0 – Introduction  
 
Coatings can be used to significantly alter the properties of materials, however a basic 
understanding of the film growth mechanisms is required to maximise their effectiveness. The 
significance of the growth modes relates to the variations in the structure observed and the 
properties exhibited. The presence of defects in materials, and the disruption caused by grain 
boundaries are responsible for large variations in the mechanical properties. By having a clear 
understanding of the conditions which govern film growth, structures can be manipulated to 
produce optimal properties. 
 
The two main deposition processes used commonly for thin film fabrication are physical 
vapour deposition (PVD) and chemical vapour deposition (CVD). CVD processes involve 
chemically reacting a compound with a gas to form a stable material at the substrate surface. 
Common materials formed include SiO2 and SiN films used frequently in electronic devices. 
The advantages of CVD include the low levels of electric power required and that there is no 
requirement for vacuum. The limitation for this technique is the material selection available 
for deposition as well as the high processing temperatures required. PVD processes, including 
both magnetron sputtering and cathodic arc deposition, are used to a greater extent to deposit 
metal films. These techniques involve a physical deposition of atoms either via ejection or 
sputtering from a target material. These systems all produce atoms with varying degrees of 
ionisation and energies. Greater control of these parameters, and hence control over the films 
structure and properties is attainable for PVD processes.        
 
 
2.1 – Film Growth Modes 
 
The high tolerances needed in industries such as microelectronics in which defect free films 
are required has necessitated a thorough understanding of the initial stages of film formation. 
Due to the large growth in information processing and storage devices, these electronics 
industries have become a dominant figure in the global market [1]. To control the morphology 
of the deposited layers, a clear understanding of the effect of atom energies and film-substrate 
dynamics is required. Film growth can be separated into two dramatically different categories, 
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with non energetic or low energy deposition making up the basis of common film growth 
knowledge. The second category involves the influence of highly ionised and energised atoms 
which play an extremely important role in determining growth modes.  
 
For the case of low energy deposition, thin film formation begins with a condensation of 
isolated atomic clusters, progressing over time to a fully developed coating. The rate at which 
this occurs is dependant on a range of factors, some of which include the surface energy, 
substrate material and deposition conditions which will all be discussed in detail. The 
nucleation stage is the earliest stage of film formation in which atoms or molecules condense 
and establish a permanent bond with the substrate. The main difference that arises with higher 
energy atoms is the ability for the incident atoms to move across the substrate and find the 
lowest energy site. If the atoms do not have enough energy to become mobile on the surface, 
they may desorb from the substrate. If the energy of the incident ions is high enough it is 
possible to achieve ion implantation which creates an ion beam modified surface layer. 
Additional effects of ion implantation can include a densification of the film. 
 
The three basic growth modes which generally apply to lower energy depositions include the 
(a) Volmer-Weber (island), (b) Frank van der Merwe (layer) and (c) Stranski-Krastanov 
modes as shown in Figure 2.1. When bonding between the atoms being deposited dominates, 
the island growth mode is observed. In this scenario, atoms are more strongly bound to each 
other and grow in three dimensions to form islands. The second mode arises when the bond 
between the deposited atoms and substrate is the strongest. As a result, the film forms in a two 
dimensional manner creating a layer. The final growth mode involves a combination of each 
of the previous two mentioned. Initial deposition results in a layered formation, however 
subsequent atoms form an island structure as the layer growth becomes unfavourable. This is 
commonly observed for metal-metal formations where a lattice mismatch introduces strain in 
the film, and the island growth allows this strain energy to be minimised [2]. 
 
 
 
Figure 2.1: Film growth modes including (a) Volmer-Weber (island), (b) Frank van der 
Merwe (layer-by-layer) and (c) Stranski-Krastanov (combination). 
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Most depositions undertaken in this thesis involve atoms incident onto the substrate surface at 
various energies allowing some level of diffusion across the surface to occur. As a result of 
the particle-substrate collisions, the energy of the incident atoms is reduced until the atoms 
either desorb or bond to a specific site. The location of these sites is determined by the surface 
energy and film-substrate dynamics as discussed in the following sections. At this stage the 
clusters or islands are highly mobile and continue to grow in size while increasing in density. 
Coalescence begins to take place in which the islands merge together and the diffused atoms 
encounter nucleated particles and adhere to them. This merging of islands reduces the 
coverage on the substrate allowing more nucleation sites to form and results in a decrease of 
island density. With further deposition the islands join to create connected networks full of 
voids and channels. Eventually the entire substrate will undergo coverage at which stage the 
film is considered continuous. The rate at which films become continuous is dependent on the 
material deposited, the substrate and the deposition conditions, including temperature and 
rate. If highly energetic ions are used for deposition, continuity can be observed sooner as the 
ions arrive at the surface with an increased energy allowing greater ion mobility. Film density 
is also increased as the voids and channels undergo a filling in process as a result of the 
disruption caused by the incident ions.      
 
2.1.1 – Surface Energies 
 
Surfaces are generally considered to be a sharp interface between condensed atoms and a 
vacuum, however in reality real surfaces are contaminated with adsorbed gases like oxygen 
and water vapour. For thin films, the surface dynamics are not only important as it is the 
substrate which is responsible for governing much of the initial film growth, but the resultant 
layer also creates an additional surface which influences the physical properties exhibited. 
The study of surfaces also looks at the interaction of the surface with molecules, and the 
bonding re-arrangement which takes place. The significant variation in the behaviour of 
surfaces as opposed to the bulk material arises due to the variation in electron charge state 
density, and as a result variations in the structure created by the minimisation of electronic 
and bonding energies. In an attempt to minimise the surface energy, the structure can undergo 
an atomic relaxation outwards, or in the extreme case can incur a reconstruction of the outer 
layers, as shown in Figure 2.2.  
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Figure 2.2: Cross-sectional view of the atomic positions at the surface displaying the (a) bulk, 
(b) atomic relaxation and (c) reconstruction of the outer layers. 
 
The underlying driving force behind thin film formation lies heavily with the need to 
minimise the surface energy. Thermodynamics plays a vital role in the nucleation process, 
with the capillarity or droplet theory allowing the initial stages of film growth to be explained. 
Surface energy (γ), or commonly called surface tension, has units of energy/area or 
force/length respectively, and is related to the ‘reversible work done on a material when its 
surface area is increased’ [2].  Therefore when a material is deposited onto a substrate, it will 
attempt to reduce its surface area, and hence surface energy, by forming larger islands from 
the small nucleated particles. The relationship between surface energy and contact angle of a 
nucleus is defined by Young’s equation which states [3] 
 
fv
fssv
γ
γγ
θ
−
=cos ,      (2.1)     
 
where θ is the angle the island makes with the substrate, γsv is the surface energy of the 
substrate-vapour interface, γfs is the surface energy of the film-substrate interface and γfv is the 
surface energy of the film-vapour interface. 
 
This equation can be used to explain the three different growth modes, and their relationship 
to the surface energy. When the Frank van der Merwe (layer-by-layer) growth mode occurs, 
the contact angle θ is approximately equal to zero resulting in 
 
fvfssv γγγ +≥ .      (2.2) 
 
This equation implies that a substrate with a high surface energy will result in “wetting” and a 
layered growth mode if the material deposited has a lower surface energy and the energy of 
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the film-substrate interface is low. Film formation may revert to the Stranski-Krastanov mode 
if large strain energy results as a consequence of a lattice mismatch between the substrate and 
the deposited material. The Volmer-Weber (island) growth mode dominates when the surface 
energy of the film is high, resulting in a contact angle θ of greater than zero, and therefore 
 
fvfssv γγγ +< .      (2.3) 
 
2.1.2 – Film Structure 
 
One important aspect to consider when studying the deposited film structure is that the initial 
film growth and crystallography of the first few atomic layers can be responsible for the 
subsequent film formation. Variations in the surface energies of the substrate or changes in 
the deposition rate can result in significantly different film microstructure. Substrate 
temperature also plays a pivotal role in the early growth stage as it controls the size of the 
nucleated islands. An increase in substrate temperature often results in larger islands forming 
during nucleation as a result of the increased particle mobility and the need to decrease the 
systems energy. This increase in island size results in increased grain growth throughout the 
film structure and has heavy implications on the properties exhibited. The Hall-Petch relation 
draws a link between the presence of grain boundaries and the yield stress and hardness [4-6]. 
Grain boundaries act as barriers to the path of dislocations and create a pile-up effect. 
 
Epitaxy may have a strong influence on the growth of films. Epitaxy relates to the orientation 
of a single crystal film formation onto a crystalline substrate. Homoepitaxy refers to the case 
when the film and substrate are the same material, and the lattice parameters are matched. 
Heteroepitaxy on the other hand is when two different materials form an interface and have 
different lattice parameters, as is normally the case in the formation of multilayer structures. 
Ideally the variation in lattice parameters would be small, reducing the build up of elastic 
strain and the presence of defects. If a large lattice mismatch occurs, the initial growth induces 
elastic strain in an effort to compensate for this variation. As the film thickness increases 
beyond a certain value, the structure will attempt to minimise its energy and dislocations will 
begin to form. This effect has significant implications for semiconductor materials which 
require good electronic conduction [1]. It also has severe implications for photonic devices 
and optoelectronic devices like light-emitting diodes and photovoltaic’s, as the presence of 
dislocations affects their quantum efficiency [7].      
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2.2 – Mechanical Properties of Thin Films 
 
The uses of coatings in industries such as tool steel manufacturing rely on the improved 
mechanical properties that they can impart onto the substrate material. Traditional single layer 
coatings have been used to improve the hardness of such materials, however in more recent 
times the research into multilayer coatings has significantly increased. In general, interest in 
the mechanical properties of thin films has been focused on three main areas: wear, stress 
generation and hardness. This section will discuss the generation and influence of stress in 
thin film coatings, in addition to ways of enhancing the hardness. Wear resistance has not 
been addressed in this thesis. The presence of stress in films has heavy implications on the 
likelihood of a coating to delaminate from the substrate. Of particular interest, however, in 
this section is the discussion of the possible mechanisms associated with producing enhanced 
hardness within multilayer systems. 
 
2.2.1 –Internal Stress in Thin Films 
 
The presence of internal stresses in thin films can cause a range of undesirable effects 
including poor adhesion and defects. An understanding of the mechanisms associated with 
stress formation is crucial in determining ways to minimise their impact.  Some origins of 
stress include differences in thermal expansion coefficients between the film and substrate, 
lattice mismatch and the presence of voids and dislocations. Internal stresses can be separated 
into two types; extrinsic and intrinsic stress. The extrinsic stresses are those as a result of 
externally applied forces including variations in thermal expansion coefficients between the 
coating and substrate. The intrinsic or residual stresses arise from within the film as a result of 
a lattice mismatch, interstitial defects, voids or dislocations. These are the stresses of most 
interest, as control over the deposition conditions allows greater control over the degree of 
intrinsic stress generated within the coatings. Extrinsic stress also normally only accounts for 
a small portion of the total stress generated in a film [8]. 
 
Not only does the existence of stress within thin films have obvious potential consequences 
such as delamination, but it can also influence other film properties. In an attempt to minimise 
the stresses within coatings, both the films and also the substrates can undergo relaxation and 
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reconstruction. Other mechanisms for the release of stress can include film cracking, i.e. crack 
propagation and dislocations. The requirement for mechanical equilibrium in which the net 
force applied to the film and substrate is zero, results in either a tensile or compressive stress 
forming. Thermal stresses associated with elevated temperatures during deposition are also 
responsible for the net stress observed in the film.  
 
Film deposition techniques and conditions can have a large influence on the degree of stress 
within coatings. The energy with which atoms bombard a substrate gives rise to varying 
degrees of stress. In fact, the stress-energy relationship commonly follows a typical curve in 
which a maximum compressive stress occurs for a certain incident ion energy. Researchers 
have shown at lower energies a tensile stress is generated, becoming compressive as the 
energy increases [9]. A maximum in stress occurs for energies around 100-200 eV, after 
which the compressive stress reduces with further increases in ion energy.  Figure 2.3 
provides an example of the typical relationship that exists between stress and incident ion 
energy. The negative values shown at lower energies correspond to the generation of a tensile 
stress, while at higher energies compressive stress dominates. 
 
 
 
Figure 2.3: Typical stress as a function of incident ion energy curve. 
 
The incident energy of most ion species in a cathodic arc plasma referenced to the anode 
potential is in the range of 20-120eV [10,11]. For these energies, the compressive stress 
generated can be quite large.  The stress generation can be limited by modifying the incident 
energy of the ions by varying the substrate potential. This control over stress generation, and 
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the presence of the stress-energy relationship makes techniques like cathodic arc a flexible 
technique for the deposition of thin film coatings.   
 
2.2.1.1 – Adhesion 
 
Adhesion is a major requirement for successful thin film growth for most applications. The 
ability of a coating to enhance the properties of a material will fail if the film delaminates 
from the substrate. Although most commonly used to describe crack propagation, the Griffith 
Criterion also applies to delamination of a coating. By observing the relationship between 
cracks and pore cavities in glass, Griffith (1924) first recognized that a new surface will not 
be created unless the energy being released is greater than that being absorbed by a crack. 
When the strain energy relieved exceeds the energy required to create two new surfaces, a 
film will delaminate. Using this criterion it is now possible to create a coating which exhibits 
super adhesion by undertaking a few key steps. To minimize the energy associated with the 
interface of a coating with the substrate, ion cleaning of the substrate surface is recommended. 
Material selection is crucial to minimize the energy associated with a lattice mismatch. 
Energetic impacts can also reduce the strain energy present in a coating. A mixing layer at the 
interface can also be used to remove any “line of weakness” which exists. 
  
2.2.2 – Hardness and Elastic Modulus in Multilayer Thin Films 
 
One of the most researched areas in multilayer coatings is the influence of period thickness on 
the indentation hardness and elastic modulus. Some researchers have observed that hardness 
values for certain systems do not obey the traditional rule of mixtures theory. Madan et al. 
observed an enhancement in hardness of Mo/NbN and W/NbN superlattices of up to 300% 
compared to the rule-of-mixtures values. Similar results were seen by Helmersson et al. and 
Chu et al. who observed high mechanical hardness values for TiN/VN and TiN/Ni multilayers 
respectively. Many models have been proposed to explain this phenomenon, however none 
has consistently been observed to give a good correlation with experiment for all instances. A 
common belief is that the hardness exhibited can be separated into different regimes 
depending on the layer thicknesses. Some of the possible mechanisms associated with 
increased hardness and modulus include the Hall-Petch relationship relating the grain size to 
dislocation movement and dislocation pile-up, the role of coherency strains at the interfaces, 
variations in dislocation line energy associated with large variations in the shear modulus of 
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the two constituents, and the Supermodulus effect which describes an increase in the biaxial 
elastic modulus.  
 
2.2.2.1 – Models for Explaining Enhanced Hardness/Modulus in Multilayer Coatings  
 
Hall-Petch strengthening 
The Hall-Petch theory suggests that hardening is related to dislocation pile-ups forming at 
grain boundaries which act as an obstacle [5,12]. Pile-up theory is used to describe this 
behaviour in which dislocations move along a given slip plane until they come in contact with 
an obstacle. Once the lead dislocation is stopped, the trailing dislocations undergo mutual 
repulsion and can no longer propagate through the material. Dislocations continue to pile-up 
until the force exerted onto the obstacle exceeds its strength, resulting in the material yielding 
plastically. This relates the yield stress (σy) of polycrystalline materials with their grain 
diameter (d) according to 
 
5.00
d
k
y += σσ       (2.4) 
 
where σ0 and k are constants. The Hall-Petch theory can also be applied to the case of 
multilayers where the interfaces behave as obstacles for dislocations and pile-ups occur in the 
same manner. The modified Hall-Petch equation for hardness enhancements in multilayer 
coatings now becomes  
 
5.00 Λ
+=
k
HH       (2.5) 
 
where H is the hardness, H0 and k are constants and Λ is the multilayer period. 
 
One assumption of the Hall-Petch theory is that the material is elastically homogeneous, 
which is quite the opposite for multilayer structures. For this reason alternative relationships 
have been derived using a more general scaling factor and are given by 
 
 
ny
d
k
+= 0σσ        (2.6) 
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where the scaling factor (n) may no longer be equal to 0.5. Friedman and Chzran [13] further 
extended the Hall-Petch theory to predict that not only is the strength of a material determined 
by the presence of pile-ups, but is actually related to the length of a pile-up (L), the scaling 
factor (n) which represents the divergence of the dislocation density at the interface, the 
distance between the lead dislocation and the interface, and an additional pinning stress 
further inhibiting the propagation of dislocations. Their research implies that the hardness 
should in fact scale as L
-n
. This scaling form is believed only to exist for large dislocation 
pile-ups.  
 
Anderson and Li [4] determined theoretically using a Frank-Read dislocation source that large 
deviations from the Hall-Petch relationship exist when the layer thicknesses are small and 
only a small number of pile-ups occur. The Hall-Petch behaviour was only observed for grain 
sizes greater than 100 nm, or where the number of dislocations exceeds approximately 20. 
Using this theory to predict the hardness of multilayers becomes difficult as the most 
interesting coatings have periods in the tens of nanometres range, well below the thickness 
regime in which this model is successful. Ding et al. [14] similarly observed a large deviation 
from the Hall-Petch theory for smaller layer thicknesses, and used an alternative model to 
predict values for smaller layers. Madan et al. [15] performed hardness tests on W/NbN 
superlattices confirming that these values could not be predicted using the Hall-Petch theory. 
Producing similar results to those theoretically observed by Anderson and Li and seen in the 
case of Friedman and Chzran, a scaling factor of n ≈ 0.3 produced the best fit for the 
increased hardness, rather than the n = 0.5 suggested for the Hall-Petch relationship. 
Interestingly, Ag/Al superlattices from Kim et al. [16] did show a strong agreement to the 
Hall-Petch relationship producing a scaling factor of n ≈ 0.5, as too did the W-N/W 
superlattices from Maillé et al. [17]. For certain periods, TiN/Ni samples of Chu et al. [18] 
also showed good agreement with the Hall-Petch behaviour.  
 
Surface Barrier strengthening 
Koehler [19] introduced the idea of designing a strong solid by using alternating layers of 
materials with strongly opposing elastic constants. Dislocations require a large amount of 
stress to move from a lower shear modulus layer into a higher shear modulus layer, hence the 
presence of an interface will result in elastic repulsion of the dislocations.  This type of 
strengthening mechanism has been described as surface barrier strengthening, dislocation 
blocking or dislocation line-energy effects. To eliminate any other possible explanation for 
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the increased hardness, Koehler defined that the material used must have similar lattice 
parameters and thermal expansion coefficients to minimise the effect which internal stresses 
have on the ability to drive the dislocations through the interface. In addition, the layer 
thicknesses must be small enough to eliminate a Frank-Read dislocation source operating 
within the layers and creating dislocations which could result in pile-ups and the presence of 
additional stress concentrations.   
 
Of significance is later work undertaken by Lehoczky [20,21] who confirmed the presence of 
strengthening for a multilayered system by taking into account Koehler’s predictions. 
Lehoczky defined a critical layer thickness which must be obtained to eliminate dislocation 
generation. Beyond this critical thickness the mechanism associated with the mechanical 
properties is based on pile-up theory. Lehoczky defined a similar equation to Hall-Petch based 
on the dislocation line energy effect with the difference being that n = 1, showed by 
 
Λ
+=
k
HH 0 .       (2.7) 
 
Kim et al. [22] attempted to use a composite hardness equation to explain the increased 
hardness by defining the interface as an independent layer with a specific hardness and 
thickness but was met with limited success. A similar model was used by Chu and Barnett 
[23] but also took into account gliding within the layers and a composition-modulation 
amplitude and showed good agreement with TiN/NbN superlattices. Many researchers have 
attempted to explain increases in hardness and modulus by either the Hall-Petch relation or 
the Koehler predictions. Shinn et al. [24] discussed their results observed for TiN/NbN 
superlattices using the Koehler model and found good agreement below a certain critical 
thickness. For thicknesses above this critical value, the best fit to the Hall-Petch relation gives 
a n = 0.3 value of much lower than either Hall-Petch or Lehoczky but equivalent to that 
observed by Friedman and Chzran. The idea of additional mechanisms was introduced, 
including the effect of coherency strains, which takes into account stress build up related to 
changes in the atomic spacing. The distortions associated with the interfaces that attempt to 
remain coherent inhibit the ability of dislocations to penetrate through the interface.    
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Supermodulus effect 
The Supermodulus effect in multilayers relates directly to an increase in the biaxial elastic 
modulus or Young’s modulus alone, without taking into account the hardness. Increases in 
both hardness and modulus have commonly been observed for the same systems, but are 
believed to be related primarily to interface effects etc rather than the mechanisms associated 
with this effect. In 1976 Yang, Tsakalakos and Hilliard [25] reported one of the first 
observations of an increased biaxial elastic modulus for Au/Ni and Cu/Pd superlattices. The 
possible mechanism for the strengthening was explained by the addition of a Brillouin zone 
which interacts with the Fermi surface.  For many years there was much debate over whether 
the techniques used to measure the elastic response of thin films gave accurate results. The 
traditional use of bulge testing was full of uncertainties relating to warping of the film and the 
data analysis.  In the decades since these first reports of enhanced biaxial modulus, many new 
techniques have been developed which draw less reservations from the wider community 
including Brillouin scattering and x-ray studies. Helmersson et al. [26] attributed their 
observed increase in hardness to multiple effects, however, claim that the interaction of 
superlattice zones with the Fermi surface were partially responsible. 
  
Research by Wen et al. [27] showed that not only is a critical thickness important for the 
generation of hardening in the Koehler model, but the interface properties play an important 
role for modulus enhancements. This was in part outlined by the initial conditions placed on 
material choice by Koehler, however Wen et al. expanded these conditions to include changes 
in the lattice parameters during bonding, associated with a softening or stiffening at the 
interfaces resulting from diffusion of one layer into the other. Wen et al. observed a 
compression of the lattice spacing of W due to Cu diffusion in which these values scaled 
linearly with Λ
-1
. An enhanced modulus was observed indicating that the interfaces also play a 
vital role in the strengthening mechanisms. Abadias et al. [28] confirmed this finding by 
observing an opposite effect in which softening of the lattice parameters occurred resulting in 
a reduction in the shear modulus. Similar findings by Clemens and Eesley [29] found that Pt, 
Mo and Ti/N superlattices all showed a softening at the interface resulting in a decrease in the 
films elastic response. Hardness enhancement was also observed which fits well with 
Lehoczky’s equation (2.7) where n = 1. Theoretical models performed by Wolf and Lutsko 
[30] confirmed the increase in modulus associated with a stiffening of the lattice parameters. 
This work involved the use of a ‘grain-boundary superlattice’ (GB) which consists of 
alternating layers of the same material rotated with respect to each other in the z axis.  
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Chapter 3: 
 
 
 
Experimental Review 
 
 
This chapter explores the surface engineering and 
characterisation techniques used throughout the thesis. It covers the 
PVD techniques used to synthesise the thin film coatings, and details 
of the methods employed in analysing the microstructure, elemental 
composition and mechanical properties exhibited. 
 
 Fabrication of the multilayer systems in this thesis was 
performed using two different deposition techniques, magnetron 
sputtering and filtered cathodic arc deposition. The microstructure 
and mechanical properties of the coatings were studied using a 
variety of analytical techniques. Transmission electron microscopy 
(TEM) was utilized to determine the microstructure of the films, and 
electron energy loss spectroscopy (EELS), energy dispersive 
spectroscopy (EDS) and Auger electron spectroscopy (AES), allowed 
compositional information of the coatings to be ascertained. The 
mechanical properties, stress and hardness, were studied using film 
curvature in combination with a modified version of Stoney’s 
equation, and a nano-indentation system.  
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3.1 – Pulsed Magnetron Sputtering Deposition Systems 
 
Magnetron sputtering was used to prepare Al/W multilayer structures. This technique relies 
on the interaction of ions with the target material, resulting in the removal of target atoms 
which condense onto the substrate forming a thin film coating. The energetic ions are created 
in a glow discharge in front of the target, which is sustained by the emission of secondary 
electrons from the target surface. The presence of a magnetic field allows confinement of the 
secondary electrons which increases the likelihood of ionising electron-atom collisions and 
produces a dense plasma in front of the target. This plasma is typically generated in a gas such 
as argon and its ions impact on the sputtering target which is made of the material to be 
deposited. As the Ar plasma density increases, so to does the overall sputter rate and therefore 
material deposited [1,2]. Most of the sputtered material is in the form of neutrals. 
 
3.1.1 – System Design and Components 
 
A diagram of the magnetron sputtering system used in this work is shown below in Figure 
3.1. This system was designed and built at the Lawrence Berkeley National Laboratory 
(California, USA).  
 
 
Figure 3.1: Cross-sectional schematic of the magnetron sputtering deposition system 
described in this chapter. 
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The main components of this system include the magnetrons, the anode and the substrate 
holder. The magnetrons consist of an arrangement of magnets which include one pole in the 
centre of the target, and the opposing pole being created by a ring of magnets around the 
outside of the target. The anode is used as an additional means to confine the plasma and the 
sputtered target material. The substrates were mounted on a rotating holder which could move 
back and forth in the line of sight of the two magnetrons allowing the position of optimum ion 
flux to be found. 
 
 
3.2 – Filtered Cathodic Vacuum Arc Deposition Systems 
 
One of the major synthesis techniques employed in this thesis was a PVD process by the 
name of filtered cathodic vacuum arc. Cathodic arc is a plasma-based technology which uses 
energetic condensation for film formation, producing film properties which include good 
adhesion, high density, uniform coverage and often enhanced hardness. One benefit of this 
technique is that the deposition involves almost fully ionised cathode material. The result of 
high ionisation is self-ion bombardment which can play a vital role in the densification of film 
structure.   
 
The cathodic arc process involves using a high current, low voltage source to create cathode 
spots (micron scale ablation centres) on the surface of the cathode material. Characteristics of 
the cathode spots include a current density in the order of 10
6
-10
8
 A cm
-2
 and spot size in the 
range of 1-10 microns [3]. As a result of the high temperature and current density of the 
cathode spots, and the pressure gradient in front of the cathode, a plasma is created consisting 
of highly ionised cathode material [3]. Two significant sub-categories exist for defining 
cathodic vacuum arc plasma sources. Early reported experimentation involved the use of DC 
(or continuous) arc discharges which require a constant current source. Further work led to the 
development of a pulsed cathodic arc plasma source requiring higher currents and exhibiting 
different plasma characteristics [4,5]. The major variation between DC and pulsed systems 
arises due to the difference in burn time, rather than an oscillatory nature as implied by the 
titles.  
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3.2.1 – DC Filtered Cathodic Vacuum Arcs 
 
A DC cathodic arc was used in this thesis to determine if variations in deposition conditions 
would influence the growth of the multilayer coatings. This system, located at RMIT 
University, has a manual triggering device which strikes the cathode surface creating a 
flashover and initiating the cathode spots. In a DC cathodic arc system arc spots are generated 
and move randomly across the cathode surface. An insulated boron nitride ring is placed 
around the cathode to ensure the cathode spots stay on the surface and do not jump across to 
the chamber walls. Typical arc currents can be up to several hundred amperes, depending on 
the cathode material. Variations in the arc current, magnetic field and system configuration, 
result in variations in the energy and charge state of the ions. 
 
3.2.1.1 – System Design and Components 
 
The DC filtered cathodic vacuum arc used in this work is displayed in Figure 3.2 below. This 
system was custom built by Nanofilm Technologies Int. Pty Ltd, Singapore. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Schematic of the DC cathodic vacuum arc described in this chapter.  
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The major components of this system include the triggering device, anode, macroparticle 
filter and substrate holder. This system features a manual trigger used to strike the cathode 
which is held at a negative potential. By striking the cathode, an electrical discharge occurs 
resulting in the formation of cathode spots which move randomly across the surface of the 
material. These spots result in a plasma which plumes away from the cathode, towards the 
anode and into the filter.  
 
One disadvantage of the cathodic vacuum arc is the presence of ‘macroparticles’ or ‘droplets’. 
These take the form of large segments of cathode material which are ejected from the surface 
during arcing. Macroparticles are responsible for a variety of factors within the cathodic arc. 
Not only does their presence damage the film grown and reduce the quality of coatings, but 
can also be responsible for influencing the plasma transport properties during flight. The 
introduction of a 90˚ macroparticle filter (based on the classic design of Aksenov [6], is one 
way of reducing the likelihood of these particles reaching the substrate. By generating a 
magnetic field from the 90˚ curved solenoid and removing the substrate from the ‘line-of-
sight’ of the cathode, the effect of macroparticles is reduced. As a result of the relatively large 
mass of the macroparticles and low mass-to-charge ratio, the magnetic field has no significant 
effect on their trajectory. While the ions and electrons are guided through the filter bend 
towards the substrate, macroparticles travel in a straight line and collide with the chamber 
walls. Askenov and co-workers also found that biasing the duct improved the plasma 
transport and efficiency of the filter. The filter used for this work was a double bend type as 
described elsewhere [7]. 
 
With the majority of macroparticles removed from the plasma, a dense and uniform coating 
can form on the substrate. For optimal uniformity, it is important to ensure the plasma profile 
is aligned with the position of the substrate holder. Variations in the plasma profile can be 
made by adjusting the strength of the magnetic field and the bias applied. The substrate holder 
can be held at a range of different potentials in relation to the plasma. When held at earth 
potential (as is the anode), the ions collide with the substrate at their native energy. This value 
varies for different materials, and is dependant on the kinetic energy and charge state of the 
ions. A comprehensive list of these values has been compiled by Anders and co-workers [8-
10], with and without the presence of a magnetic field and at varied arc currents. The energy 
of ions arriving at an electrically biased substrate is given by 
 
( )SKION BQEE ×+=        (3.1) 
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where EION represents the energy of the incident ions, EK is the kinetic energy of the ions, Q is 
the average ion charge state and BS is the bias applied to the substrate. Negative bias values up 
to the kV range can be applied creating a sheath around the holder and causing the ions to be 
accelerated towards the substrate [11-13]. This acceleration can be responsible for the 
implantation of the ions, while the increased energy can also lead to greater ion mobility at the 
surface. All of these effects minimise the stress generated during film growth. A bias can also 
be applied in the presence of an introduced background gas. High voltage pulses create a glow 
discharge around the substrate as gas ions are accelerated across the sheath and implanted into 
the substrate. 
 
3.2.2 – Pulsed Filtered Cathodic Vacuum Arcs 
 
The pulsed filtered cathodic vacuum arc used to fabricate the Al/W coatings within this thesis 
is located at the University of Sydney. This system consists of a multi source cathode, 
allowing multilayered materials to be deposited without breaking vacuum between layers. 
Otherwise known as a high-current pulsed arc (HCA), major variations between this design 
and traditional arc evaporators include differences in discharge times, peak currents, 
macroparticle emission and deposition rates.  These higher current systems typically operate 
with pulsed discharge times with a duration of 0.1-1 ms, producing multiple cathode spots. 
The fact that cathode spots repel one another causes them to travel radially outwards from the 
centre of the cathode if triggered at the centre. Before reaching the edge of the cathode, the 
arc is switched off and another cycle begins. Compared to DC arcs which use a current up to 
~200 A, HCAs are capable of peak currents up to 5 kA. This significant increase in current is 
responsible for the competitive deposition rates which can be achieved in high current pulsed 
systems. The ability to control the arc duration and repetition frequency ensures accurate 
control of the deposition rate, allowing highly reproducible multilayer coatings to be formed.  
 
3.2.2.1 – System Design and Components 
 
A diagram of the pulsed filtered cathodic vacuum arc used in this work is shown below in 
Figure 3.3. This system was designed and built at the University of Sydney, based on the 
HCA by Siemroth et al. [5].   
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Figure 3.3: Schematic of the pulsed cathodic vacuum arc described in this chapter. 
 
Similar to the DC arc, the major components of the pulsed system include the triggering 
device, cathode, anode, macroparticle filter, substrate holder and power supplies for the arc 
and filter. The major difference between the two cathodic arc systems is the configuration of 
the triggering system and the operating duty cycle (pulsed vs. DC). The triggering device used 
for the pulsed system is a centre triggering configuration. This arrangement consists of a 
drilled hole through the centre of the cathode, in which a tungsten wire is inserted to act as the 
trigger electrode. An alumina tube is used to surround the tungsten wire and act as the 
insulator over which a flashover occurs to ignite the arc. Additional alumina is placed around 
the outside of the cathode to ensure the arc spots do not run off the edge of the cathode. 
Unlike the DC system which produces one or two cathode spots which randomly move across 
the surface of the cathode, the pulsed arc produces many arc spots which radiate outwards 
from the centre trigger for the duration of the pulse. This is because the arc power supply 
operates in the 1-5 kA region of currents so that multiple cathode spots are formed. The 
retrograde motion (or repulsion between spots) is responsible for propelling them from the 
cathode centre where they form to the cathode rim. Centre triggering has been found to 
produce a constant deposition rate, and a uniform erosion area compared with the edge 
triggering mode [14]. The anode, macroparticle filter and substrate holder behave in the same 
manner for both systems. The significant variation between the two arc systems is the power 
supply used to create the initial discharge. The DC system has a continuous power supply 
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applied to the cathode, while the pulsed arc has a large current power supply which pulsed for 
a certain duration and frequency.  
 
A low current (300 A) pulsed cathodic arc located at the University Of Technology, Sydney 
(UTS) was used to fabricate the Ti and V single layer coatings discussed in chapter 4. This 
system is similar in both design and operation to the previously mentioned pulsed arc. Pulse 
lengths of 0.5 ms at a frequency of 4.5 Hz were applied. A trigger power supply providing a 
voltage of 10 kV and a maximum current of 40 A over a period of 50 µs was used to ignite the 
arc. This system employed a centre cathode configuration and magnetic field design. Further 
details of this system are available elsewhere [14]. The lower current however resulted in a 
non-competitive deposition rate. 
 
 
3.3 – Analytical Characterisation Techniques 
 
Analytical techniques can use a range of sources including photons, ions and neutrons, 
however modern characterisation of multilayer coatings commonly involves the use of 
electron microscopy. Optical microscopy was previously used to determine film thickness and 
optical properties, however the continually shrinking size of coating systems have required a 
technique with improved resolution. Modern analytical techniques allow the in depth study of 
coatings providing information on the internal structure, elemental composition and surface 
morphology to name a few.    
 
3.3.1 – Transmission Electron Microscopy 
 
TEM is a powerful and versatile analytical technique capable of providing a combination of 
structural and atomic information at an extremely high spatial resolution. These qualities 
make TEM an ideal technique for successful characterisation of multilayer thin film coatings. 
A JEOL 2010 Lab
6
 TEM located in the School of Applied Science (Applied Physics), RMIT 
University, and a JEOL 3010F TEM housed within the Department of Materials at the 
University of Oxford, were mainly employed to provide a detailed investigation into the 
microstructure, interfaces and elemental composition of the Al/W multilayers. Capable of 
accelerating electrons to 200 keV and 300 keV respectively, these TEMs gives information 
based on scattering events which occur when the electron beam interacts with the sample. 
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Further information detailing the fundamental foundation of TEM can be found in a variety of 
sources, however of notable mention is the books by Williams and Carter [15]. 
 
The interaction of the electron beam with the sample creates the scattering events which allow 
information about the sample to be obtained. If no scattering events occur, then no 
information is contained in the transmitted beam and the object will appear invisible. The 
nature of electron scattering ensures an angular distribution occurs after interacting with the 
sample. This degree of varied angular scattering can be manipulated to gather information 
from certain parts of the sample. Bright field imaging is one such possibility, which takes 
advantage of those electrons which have undergone no or little deviation from their original 
path. Dark field images, on the other hand, are formed by using an aperture to select only 
particular scattered electrons. This can take the form of either placing an annular aperture over 
a portion of the diffracted electrons, or using the objective aperture to select the electrons 
which have diffracted from specific crystal orientations. Additional information can be 
retrieved from the back focal plane of the objective lens, giving rise to the electron diffraction 
pattern. The diffraction pattern provides information which can be used to determine 
crystallographic information. The diffracted electrons form either a series of concentric rings 
or a spot which indicates whether a material is amorphous, crystalline or polycrystalline. The 
separation distance between the rings or spots can be used in conjunction with Bragg’s Law to 
determine the distance between atomic planes in a material. 
 
A significant limitation in the use of TEM is the practical consideration of preparing 
sufficiently thin electron transparent samples. This is particularly a concern when examining 
samples which have a high atomic number, as the greater the electron density, the greater the 
likelihood of multiple scattering. In this thesis two TEM sample preparation techniques were 
used: (i) mechanical tripod polishing in combination with ion milling, and (ii) focused ion 
beam (FIB) milling. 
 
3.3.1.1 – Polishing and Ion Milling for Cross Sectional TEM Sample Preparation 
 
The advantage of TEM is its ability to determine the internal structure of a material. However 
the total specimen thickness normally has to be less than 100 nm. To achieve such thin 
samples involves rigorous initial preparation, with the actual thickness required depending 
greatly on the electron accelerating voltage of the TEM and the particular material being 
prepared. Thickness alone however is not the only prerequisite for successful sample 
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preparation. Often less considered but of equal importance is that the sample should be 
representative of the bulk material. This being the case it is crucial to determine the influence 
that preparation techniques can have on altering the structure of the sample. Another 
requirement is the detail required in the specimen image, with the sample thickness limiting 
the resolution due to multiple scattering. Several sample preparation techniques are available 
and capable of producing samples of electron transparency. Mechanical tripod polishing in 
conjunction with ion beam polishing is a common choice for preparing specimens of thin film 
coatings deposited onto silicon substrates. Further ion milling is possible if the specimen 
thickness is found to be too great upon initial examination. The disadvantages of this 
technique are that the specimens are extremely fragile, and the time taken to prepare a 
specimen.  
 
Mechanical tripod polishing is performed by cutting the sample into 5 mm x 2 mm pieces and 
using an epoxy resin to glue the pieces face-to-face or face-to-back as seen in Figure 3.4. Two 
blank Si blocks are glued on either side of the sample to improve the stability and minimise 
the chances of cracking during the polishing stage. The sample is typically polished into a 
wedge shape using diamond polishing paper until the tip of the sample becomes optically 
transparent as seen below. Once this stage has been reached, further thinning is performed on 
the sample using an ion beam thinner (GATAN Duo Ion Mill model 600) and Precision ion 
polishing system (GATAN PIPS model 691) until the sample becomes electron transparent. 
Both systems require the sample to rotate during thinning to ensure an even sputter rate from 
all angles. 
  
 
                Chapter 3: Experimental Review 
 
33 
      
  
Figure 3.4: Diagram showing the sample dimensions and structure for wedge tripod 
polishing, in addition to an optical photograph displaying an optically transparent edge. 
 
3.3.1.2 – FIB Cross Sectional TEM Sample Preparation 
 
FIB is a convenient and fast method for creating X-TEM samples using either the ‘trench’ or 
‘lift-out’ technique. The ‘lift-out’ technique involves thinning a 15 µm section of the sample 
down to electron transparency by etching one side at a time. Once the sample is less than 100 
nm in thickness, it is tilted by 45˚ and the bottom and two sides are etched until the sample is 
released. A micromanipulator is used to pluck the sample out of the trough and place it onto a 
copper mesh grid with a holey carbon support film. A complete description of the two FIB 
milling techniques for TEM specimen preparation is included in Giannuzzi and Stevie [16]. 
The main disadvantage of this technique is the presence of artefacts and damage associated 
with the Ga ion beam, the lack of further thinning after initial examination and the difficulties 
associated with plucking the tiny and fragile specimen. This technique has the advantage of 
site-specific sample preparation, greater control over the thickness and relatively fast 
production times.  
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Figure 3.5: Image taken during thinning of a XTEM sample within a FIB. (Image 
courtesy FEI Company) 
 
3.3.2 – Electron Energy Loss Spectroscopy 
 
Electron energy loss spectroscopy (EELS) used in conjunction with TEM provides a vast 
array of information on the chemical composition, thickness and electronic structure of a 
sample. Interaction of the electron beam with the sample can result in inelastic scattering in 
which the incident electrons lose energy. Of particular interest are losses of energy which 
arise from scattering from outer-shell electrons, commonly known as plasmon scattering, and 
from inner-shell excitations also known as core loss scattering. A spectrometer, such as a 
Gatan Imaging Filter (GIF), operating in spectrometer mode, is positioned beneath the TEM 
column to measure the EELS signals. After the beam passes through the sample, the electrons 
travel through the spectrometer (GIF) consisting of a 90˚ magnetic prism capable of 
dispersing the electrons according to their energy. The resulting spectrum consists of the 
scattered intensity as a function of the energy loss. Each EELS spectrum consist of three main 
components including the zero loss peak corresponding to electrons which have lost no or 
little energy, the plasmon peaks which provide information on the valence/conduction 
electron density and the core loss edges which contain information on the elemental 
composition and electronic structure of the sample.  The plasmon peak positions are 
dependant on the free-electron density of a material and hence can be used to approximate the 
density according to the following equation [17], 
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where p is the film density in g/cm
3
, M is the molecular weight of the material (i.e. for carbon, 
M = 12.011), NA is Avogadro’s number (6.022x10
23
 atoms/mole), EP is the plasmon peak 
energy, ε0 is the permittivity of free space (8.854x10
-12
 C
2
/Nm
2
), me is the mass of an electron 
(9.109x10
-31
 kg), NV is the number of valence shell electrons (i.e. for carbon, NV = 4) and ħ is 
Plank’s constant (1.055x10
-34
 m
2
kg/s).  
 
The thickness of a specimen can also be determined using an EELS spectrum and integration 
to compare the area under the zero loss peak to the total area under the whole spectrum 
according to [17], 
 






=
0
ln
I
It t
λ ,      (3.3) 
 
where t is the specimen thickness, λ is the effective mean free path (which is known for many 
materials), It is the total area under the spectrum and t0 is the area under the zero loss peak.  
 
EELS spectra can also be collated in the form of scanning transmission electron microscope 
(STEM) linescans which stores detailed spatial and spectroscopy information together. This is 
achieved by stepping a focused beam from one pixel to the next and acquiring EELS data. 
Energy loss information can then be related to the spatial dimensions, allowing site specific 
investigations. 
 
Energy filtered transmission electron microscopy (EFTEM) is an additional tool which allows 
elemental maps to be acquired using a GIF. By placing a slit at the end of the magnetic prism, 
electrons with specific energies can be used to create a position specific intensity map. This 
allows site specific identification of particular elements in a sample. The three-window 
method described by Egerton [17] was used to create the elemental maps, which includes two 
pre-edge and one post-edge window. The pre-edge windows are used to create a background 
signal which is subtracted from the post-edge data for each pixel. Multiple maps can be 
overlapped to provide a map of many elements.           
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3.3.3 – Energy Dispersive Spectroscopy and Auger Electron 
Spectroscopy 
 
The composition of films was determined using energy dispersive spectroscopy (EDS) and 
Auger electron spectroscopy (AES) depth profiling. AES is a surface sensitive technique 
which involves bombarding the sample with a electron beam. The interaction between the 
electron beam and atoms in the sample can result in the emission of inner shell electrons from 
the sample. This ionisation of the atom results in a relaxation either in the form of an x-ray or 
Auger electron with an energy which is a characteristic of the emitting element. EDS is 
normally performed in an electron microscope and involves the measurement of the energy of 
these x-rays.   
 
AES requires a dedicated instrument with ultra high vacuum to minimise the effects of 
surface contamination on the resulting spectrum. A Scanning Auger Nanoprobe VG 310F 
fitted with ion sputtering capabilities provided the composition of coatings as a function of 
depth. This instrument has a 12 nm resolution for Auger analysis, providing information from 
an approximate 1 mm
2
 rastered area.  Etching with a 3 keV ion beam for a period of 30 s, 
Auger electron spectra were acquired over the entire depth of the sample allowing the films 
stochiometry to be determined. 
 
3.3.4 – X-Ray Diffraction 
 
X-ray diffraction is a useful technique for relatively quick determination of the 
crystallographic phases of a material by providing details on the atomic spacing. Typically a 
Cu K(α) x-ray beam penetrates the sample undergoing diffraction at a range of angles defined 
by 2θ, which is the angle between the incident and diffracted x-rays. The intensity is then 
measured as a function of 2θ producing a diffraction pattern from the sample. As for the case 
of electron diffraction, x-rays constructively interfere with the atomic planes in a crystal 
creating a diffraction peak rather than a diffraction spot. The peak positions are characteristic 
to particular materials and phases, and can be determined by using Bragg’s law which states 
 
θλ sin2dn =       (3.4) 
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where n is an integer, λ is the wavelength of the x-ray (1.5419 Å) and d is the atomic spacing. 
Additional structural information including grain size, strain state, preferred orientation etc 
can also be ascertained using this technique. 
 
  
3.4 – Stress Measurements 
 
Film deposition can result in a compressive or tensile stress being built up in the coating. The 
extent of the stress is dependent on a variety of factors, with the most notable including the 
energy regime of the incident ions or atoms and any lattice mismatch between the substrate 
and film.  
 
The stress in a coating can be determined by measuring the radii of curvature of the substrate 
before and after deposition using a Tencor surface profiler. The stress σ in the coating is 
related to the change in radius of curvature by Stoney’s equation [18] 
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where Esi is the Young’s modulus of the substrate (typically Si in this thesis), v is the 
Poisson’s ratio of the substrate, the substrate and film thickness is represented by ts and tf 
respectively. Finally rf and ri are the radius of curvature of the coated and uncoated substrate. 
The curvature of the substrate before and after deposition is determined by using surface 
profilometry to scan a fixed distance over the surface. For small curvatures the radius of 
curvature can be approximately given by 
 
B
L
r
8
2
≈        (3.6) 
 
where L represents the scan length, and B is the maximum height of the curvature.   
 
The curvature measurements were performed as follows. Silicon substrates cut to a standard 
size of 2 cm squared, were scanned to a length of 1 cm through the centre of the sample as 
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shown in Figure 3.6. Scans were undertaken in both the x and y direction of the substrate in a 
cross pattern to provide a more accurate measurement. 
 
 
 
Figure 3.6: Diagram of scan lengths to determine the curvature and stress in coatings. 
 
 
3.5 – Hardness Measurements 
 
Microindentation is used to measure the hardness of bulk samples by measuring the contact 
area impression after a load is applied. Due to the small nature of thin film coatings, a 
relatively small force is required to minimise substrate effects. Nanoindentation is commonly 
used to determine the hardness and modulus of films by measuring the penetration depth of 
the tip of known geometry as a function of force. The relationship between hardness and 
depth of penetration is 
 
A
P
H max=   Or  2
max1Pk
FH =   (3.7) 
 
where H is the hardness at the maximum depth, Pmax is the penetration depth at maximum 
force, A is the contact area of the indenter, F is the indenting force and k is a value based on 
either the elastic model (0.75) for hard materials or the elastic/plastic model for softer 
materials used to estimate the initial penetration of the indenter tip. Initial system calibration 
is required to ensure the tip displacement is known. This is achieved by lowering the tip 
towards the surface until a small force is registered, defining this position as the zero point. 
Calibration of the tip is also vital as the hardness equation assumes an infinitely sharp tip or 
point. This is performed using either silicon or silica as the mechanical properties of these 
materials is known. Hardness and indent information is acquired and placed in a correction 
table which allows the theoretical contact area to be converted to the effective contact area 
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over a range of penetration depths. The elastic modulus can also be calculated using the 
following equation 
 
Adh
dP
E
pi
2
1
=        (3.8) 
 
where  
dh
dP
 represents the slope of the force displacement graph.  
 
3.5.1 – Hysitron TriboIndenter Measurements 
 
A Hysitron TriboIndenter located at the Australian National University, Canberra Australia 
with a diamond Berkovich indentation tip was used to determine the hardness values for both 
the cathodic arc and magnetron sputter deposited samples. The loading routine applied was a 
load partial-unload method developed by Field and Swain [19]. Twenty five indentations were 
performed, creating a 5 x 5 matrix of indentations, each 15 µm
2
 in area. Forces ranging 
between 150 and 2000 µN were applied at a scan rate of 1-2 Hz.  
 
 
3.6 – Spectroscopic Ellipsometry 
 
3.6.1 – Theoretical Foundation 
 
Ellipsometry is a non destructive optical technique used to investigate the complex refractive 
index and dielectric function of a sample. The change in polarization of a linearly polarized 
light source is detected after it is reflected off a sample. This change is determined by the 
films properties including thickness and refractive index or dielectric function. Ellipsometry 
can be used to study thin films ranging from microns in size down to the atomic scale. In-situ 
ellipsometry is an additional variation on this technique which allows information to be 
determined during the growth of films, and can provide information on the growth rate in 
addition to the optical constants. Ellipsometry measures two of the Stokes parameters, Ψ and 
∆, which represent the polarization parameters of the light. The polarization is composed of s 
and p components which represent the perpendicular and parallel oscillations with respect to 
the plane of incidence. Ellipsometry measures the ratio of their amplitudes which is denoted 
by rs and rp, respectively. These parameters have the following relationship 
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tanρ       (3.9) 
 
This equation implies that tan(Ψ) represents the amplitude ratio of the reflection, while ∆ 
represents the phase shift. A model is required to describe the optical properties and layer 
thickness. Least squares minimization is used to produce the best match between the 
experimental data and the model, and determine the associated values of n, k and thickness. 
The equations to be solved to determine these parameters do not in general have a unique 
solution so that some information about the form of the optical constants is required. 
 
3.6.2 – Method for Determining Film Thickness 
 
In 1983 Arwin and Aspnes [20] developed a method for determining the thickness and 
dielectric function of a thin coating using spectroscopic ellipsometry (SE). It relies on the fact 
that interference features in the optical functions of a substrate do not generally show up in 
the constants of the film. A substrate which exhibits a sharp optical structure is required. This 
method uses iterative guesses of the film thickness. When the guessed film thickness is 
incorrect, the films dielectric function will contain evidence of the substrate interference 
feature. By using a range of different thickness values, this feature can normally be 
eliminated, giving rise to the actual film thickness. An example is presented below in Figure 
3.7. 
 
 
 
Figure 3.7: The refractive index calculated for three estimates of the Ti film thickness. The 
actual thickness is 13 nm in which the substrate interference feature at 2.25 eV disappears. 
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Woollam WVASE32
TM
 software is used to analyse the data. An initial ‘slab’ model is created 
using the spectroscopic data from the raw SiO2 on Si substrate. The 500 nm oxide layer on 
silicon produces an interference feature at 2.25 eV. For a known angle of incidence, the 
thickness and optical constants of the substrate can be determined. The calculated mean 
squared error (MSE) for each (∆, Ψ) pair represents the sum of the squares of the difference 
between the measured and calculated data. The model is deemed suitable when the final MSE 
value is small. This value is minimised by using a regression algorithm which adjusts the 
values of one or more of the nominated parameters until a small enough MSE value is 
obtained. Once the initial substrate model is assigned with the correct parameters, film growth 
can be monitored one layer at a time following the same procedure but by adding layers to the 
model. The film thickness can be determined by using a range of estimates until the dielectric 
functions show no evidence of the substrate interference features. The above example shows 
that the technique is extremely sensitive to small variations in film thickness and surface 
properties.  
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Chapter 4: 
 
 
 
Engineering of 
Nanostructured Multilayers 
 
 
This chapter explores the use of in-situ electrical resistivity and 
in-situ spectroscopic ellipsometry as methods to determine film 
continuity and layer thicknesses. Of particular interest is whether 
these techniques can determine the minimum thickness that a 
particular film can be deposited as a continuous layer since this 
limits the smallest period possible in a multilayer structure. Ti and V 
coatings were used to determine the suitability of electrical 
resistivity as a means of ascertaining film continuity. A Ti/C test case 
multilayer was fabricated to find out the accuracy of ellipsometry as 
a method for determining individual layer thicknesses.  
 
This chapter also explores an innovative approach for 
synthesizing multilayers by combining thin film deposition with ion 
bombardment. An example of this method is presented for the case of 
ion implantation of tetrahedral amorphous carbon to form a high 
density/low density carbon/carbon bilayer. The advantages and 
disadvantages of this approach are discussed. 
 
 
 
 
 
 
 
 
                                                                              Chapter 4: Engineering of Nanostructured Multilayers 
 
44 
 
Some of the work in this chapter has been published in the following: 
 
1. Ion implantation induced phase transformation in carbon and boron  
nitride thin films 
Diamond & Related Materials 14 (2005) 1395–1401. 
T.W.H. Oates, L. Ryves, F.A. Burgmann, B. Abendroth, M.M.M. Bilek,  
D.R. McKenzie, D.G. McCulloch 
 
 
2. Electrical conductivity as a measure of the continuity of titanium and vanadium 
thin films  
Thin Solid Films, Volume 474, Issues 1-2, 1 March 2005, Pages 341-345  
F.A. Burgmann, S.H.N. Lim, D.G. McCulloch, B.K. Gan, K.E. Davies, D.R. 
McKenzie and M.M.M. Bilek 
 
 
3. Synthesis and in-situ ellipsometric monitoring of Ti/C nanostructured 
multilayers using a high-current, dual source pulsed cathodic arc 
Thin Solid Films 482 (2005) 133– 137. 
L. Ryves, M.M.M. Bilek, T.W.H. Oates, R.N. Tarrant, D.R. McKenzie, 
F.A. Burgmann, D.G. McCulloch 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                              Chapter 4: Engineering of Nanostructured Multilayers 
 
45 
 
4.0 – Introduction 
 
Coatings have been used to improve the properties of materials and components for a large 
range of applications worldwide. The most common methods for producing multilayer films 
are conventional deposition techniques including PVD or CVD. Control of the film properties 
including layer thickness and structure is possible by varying the controllable deposition 
parameters. Magnetron sputtering and cathodic arc are two techniques for preparing 
multilayer coatings which can cover a wide range of the parameter space. Each system has 
parameters which can be altered in an attempt to produce optimal properties and structure in 
the deposited films. Understanding how these coatings form is crucial for ensuring optimised 
performance and enhancement of the properties exhibited. Knowledge of the formation 
process of single layer coatings assists in the design of multilayer systems. Researchers have 
explored techniques for determining layer thicknesses and layer continuity by means of in-situ 
resistivity [1-4] and in-situ ellipsometry [5] measurements. The point at which films become 
continuous is crucial for the formation of multilayer systems with distinct interfaces. 
Enhancements in mechanical properties are believed to exist for multilayer periods in the 
range of 5-20 nm [6-8], so ways of determining when continuous layers are formed at these 
thicknesses would be extremely useful.  
 
 
4.1 – In-situ Resistivity 
 
Resistivity has been used for evaluating film continuity for some time despite the fact that 
there is no agreement as to which theoretical model best represents the exact conductivity 
mechanisms associated with different stages of film growth [1-4]. In this section, the 
feasibility of using in-situ conductivity measurements to assist in forming nanostructured 
multilayers is investigated. Cathodic arc deposited coatings of Ti and V were chosen for this 
study as they are commonly used in a range of applications, and are easily produced using 
cathodic arc. 
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4.1.1 – In-situ Resistivity Measurements for Monitoring Film Growth 
 
Resistivity has been used to examine the growth of thin films since the turn of the 20
th
 
century. Thomson [9] first explored the relationship between film thickness (d) and the mean 
free path (l), and deduced that the electrical conductivity (σ) is dependent on both these 
parameters. When d>l, the mean free path was seen to change slowly with an increase in film 
thickness, however when d<l the mean free path diminished rapidly as the thickness was 
reduced. Since then, numerous theories have been developed which describe the dependence 
of electrical properties on film thickness. Fuchs [10] went further in defining the surface 
effect on conductivity by solving the Boltzmann transport equation using the appropriate 
boundary conditions. An additional parameter p, the coefficient of specular reflection, was 
introduced to account for electrons which were reflected at the surface, and provided a set of 
expressions known as the Fuchs-Sondheimer equations. For an infinitely large film (i.e. the 
bulk) we would assume a p = 1 value where no reflection of electrons results. These theories 
are based on the formation of a single crystal film, however the presence of polycrystalline 
coatings which introduce grain boundaries has caused additional complications. The presence 
of grain boundaries, defects etc are responsible for considerable electron reflection, hence in 
the early 1970’s Mayadas and Shatzkes [11] derived a new model which took into account 
grain boundary scattering, while Ziman [12] calculated the specularity parameter taking into 
account surface roughness. Additional models have been proposed including the use of a 
range of reflection coefficients and varying boundary conditions [13,14].  
 
Prior to the 1970’s, the majority of work into the electrical resistivity of thin films was based 
on theoretical foundations. The past 30 years have seen a large increase in experimental work 
which has shown that additional factors including substrate and film properties, deposition 
rate, film coverage and substrate temperature all play a significant role in the electrical 
properties of a film. Many researchers have observed a sudden decrease in resistance 
corresponding to a percolation threshold as defined in percolation theory when a conducting 
film is deposited on an insulating substrate. This threshold refers to the first formation of one 
continuous network. Variations in conductivity mechanisms have been used to describe the 
transitions which occur in resistivity measurements during film growth. Researchers have 
suggested that as the clusters coalesce to form a continuous network for metal films, the 
system undergoes an insulator to metal transition.  Beyond this point the conductivity is 
determined by a variety of factors including scattering from grain boundaries, surfaces and 
roughness [15,16]. Maaroof and Evans [17] introduced the concept of using the minimum 
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position in a Rt
2
 vs. t (resistance x film thickness
2
 vs. film thickness) graph to determine at 
what point a film becomes continuous. Additional work by Rycroft and Evans [18] who 
explored in-situ resistance characterisation of metal films also found that the point at which 
films become continuous can be determined using the above mentioned technique. Numerous 
studies have since been performed using in-situ techniques [2-4].  
 
 4.1.1.1 – Experimental Details 
  
Ti and V thin films were deposited onto either an a-C or SiO2 substrate using the UTS pulsed 
cathodic vacuum arc deposition system described in section 3.2.2. In-situ electrical resistivity 
measurements were measured by initially depositing silver contacts onto the substrates at a 
specific distance apart as shown below. 
 
  
 
 
 
 
 
 
 
Figure 4.1: The method by which resistance is measured. “A” denotes the two silver 
electrodes while “B” represents the deposited film. 
 
Resistance measurements were taken at specific time intervals and the mass-thickness of the 
films was monitored using a quartz crystal monitor. The resistance data was fitted to a 
proposed model by Tellier et al. [19] which is of particular relevance to polycrystalline thin 
films, taking into account specular reflection from grain boundaries and surfaces, and is 
expressed in the following equation, 
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Here, σf and σb are the film and bulk conductivity, respectively. θ is defined as the memory 
indicator which has been interpreted as the ‘memory’ retained by electrons after scattering, in 
which p is the specularity parameter. γg is the effective reduced thickness and lg is the 
effective mean free path. α is determined by the mean free path of the bulk material (l0), 
average grain diameter (D) and grain boundary reflection parameter (R), and is described as 
the geometry of the grain and scattering power of its boundary given by 
( )R
R
D
l
−
=
1
0α  .        (4.6) 
 
For thin films, it can be assumed that the average grain size is comparable to the film 
thickness since the grains are approximately equidimensional. The data was fitted to the 
above model by varying the memory indicator (θ) and the grain boundary reflection parameter 
(R), taking into account previous work by Angadi [14] which stated that θ and R must be 
values between 0 and 1.  
 
4.1.1.2 – Results 
 
Plots of the ratio of σf / σb as a function of thickness for the Ti on a-C, Ti on SiO2 and V on 
SiO2 are shown below in Figure 4.2.  
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Figure 4.2: Plots showing the conductivity ratio of film to bulk material for (a) the Ti 
film on a-C, (b) Ti film on SiO2 and (c) V film on SiO2. The Tellier, Pichard and 
Tosser model is used for the data fit. 
 
The three data sets shown in Figure 4.2 all show the same characteristic shape, indicating that 
similar conductivity mechanisms are occurring. Errors associated with the technique used to 
measure the resistance account for the initial plateau in the data. The Rt
2
 as a function of t 
plots were determined for each of the samples. The plot of the Ti on SiO2 sample is shown in 
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Figure 4.3. This plot shows a minimum value at a thickness of 2.9 nm, which is in agreement 
with other experimental results, including both Pt and Ni deposited onto silica or an a-C 
substrate as shown by Maaroof and Evans [17], which show a minimum in the region of 2 – 3 
nm.  
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Figure 4.3: Rt
2
 versus t plot for Ti film on SiO2, showing a minimum at 
approximately 2.9 nm. (The data shown is only a small representation of the complete data 
set.) 
 
Table 4.1 displays the minimum position of the Rt
2
 as a function of t curve, the minimum 
point on the conductivity curve where the Tellier, Pichard and Tosser model describing the 
electrical conductivity breaks down, and the fitting parameters R (grain boundary reflection 
parameter) and θ (memory indicator) for each of the systems. 
 
    Ti on a-C  Ti on SiO2  V on SiO2 
    substrate  substrate  substrate 
Minimum (Rt
2
 vs. t)  2.6 nm   2.9 nm   2.4 nm 
Minimum (model fit) 2.5 nm   3.1 nm   2.6 nm 
Reflection parameter (R) 0.002   0.001   0.011 
Memory indicator (θ) 0.377   0.242   0.115 
 
Table 4.1: Table displaying the minimum position on the Rt
2
 vs. t plot, minimum point where 
the conductivity model breaks down and fit parameters (R and θ). 
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The data for the three systems as displayed in Figure 4.2 show that only samples with a 
certain thickness can be fit using the Tellier, Pichard and Tosser model using realistic fit 
parameters. These minimum thickness values show good agreement with the minimum point 
on the Rt
2
 vs. t curve which is believed to represent the point at which the films become 
continuous. This result is not surprising considering this minimum value would represent the 
point at which the films cease behaving like an insulator and take on the characteristics of a 
metallic conductor. When the transition from insulator to conducting metal occurs, the films 
become electrically continuous. These results indicate that both techniques are successful in 
determining when a film becomes electrically continuous. The relationship between electrical 
properties and mechanical cohesion is not well understood, however it may be safe to assume 
that when the onset of electrical continuity occurs we are expected to see a rapid change in the 
mechanical properties coinciding in the vicinity of this point.  
 
To verify when the coatings became continuous, EFTEM was performed. Elemental mapping 
of the Ti L-edge at 456 eV was carried out on the Ti deposited samples on the C substrate 
shown in Figure 4.4 below. These maps show an increase in intensity corresponding to an 
increase in Ti as the film thickness goes up.  EELS spectra acquired from each of these 
samples were also shown to have an increased Ti/C ratio as the film thickness increases.  
 
      
20 nm20 n
 
 
Figure 4.4: Ti L-edge elemental maps of the (a) 1.0 nm Ti coating, (b) 2.8 nm Ti coating and 
the (c) 6.1 nm Ti coating on a C substrate. 
 
In Figure 4.4(c) it is clear that the coating which has a thickness of 6.1 nm has become 
mechanically cohesive shown by the uniformity in the contrast and intensity of the image. 
Figure 4.4(b) which shows the Ti coating with a thickness of 2.8 nm is according to the 
conductivity data electrically continuous, however appears to have limited mechanical 
 
 200 nm 
 
 200 nm 
 
 40 nm 
(a) (b) (c) 
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cohesion. The Ti coating with a thickness of 1.0 nm shown in Figure 4.4(a) has little electrical 
and mechanical continuity.  
 
 4.1.1.3 – Summary 
 
In-situ conductivity provides a sensitive way of monitoring film formation. The point at 
which a film becomes electrically continuous can be determined. However, the use of 
electrical properties to determine when a film becomes mechanically cohesive may be 
problematic since the point at which a film becomes electrically continuous may not be the 
same point it becomes mechanically cohesive. Therefore, in the case of producing multilayer 
films with good mechanical properties, this approach may be limited. In addition, the in-situ 
conductivity approach only works well in the case of a conducting films deposited onto an 
insulating substrate. This limits its applicability to coatings with multiple conducting layers.  
 
 
4.2 – In-situ Spectroscopic Ellipsometry 
 
In-situ spectroscopic ellipsometry has many potential advantages in allowing film growth to 
be monitored in a non-evasive way. In the following section, we evaluate the accuracy of this 
method for determining layer thicknesses on the nanoscale in the case of a cathodic arc 
deposited Ti/C coating. This system was chosen as it has commonly been used as a multilayer 
system within a range of industries requiring hard coatings.  
 
4.2.1 – Experimental Details 
 
The Ti/C multilayer was prepared using the pulsed filtered cathodic arc located at the 
University of Sydney operating at an arc current of 1.5 kA and deposited onto a plasma 
cleaned SiO2 substrate. Each Ti layer was deposited using 200 pulses at a pulse rate of 10 Hz, 
each pulse had a duration of 350 µs. The C layers consisted of 50 pulses each with a duration 
of 500 µs, also at a rate of 10 Hz. A M-2000 J.A. Woollam Co. spectroscopic ellipsometer 
was used in-situ to monitor the film deposition using a wavelength range of 370-1000 nm. 
The film thickness was determined by using a range of thickness estimates until the dielectric 
functions showed no evidence of the substrate interference features as described in chapter 3 
section 3.6. A JEOL 2010 TEM operating at 200 kV was used to examine the microstructure 
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of the Ti/C multilayer. Mechanical polishing in combination with ion beam thinning was used 
to prepare the cross sectioned sample.  
 
4.2.2 – Results 
 
Figure 4.5 shows the XTEM image of the Ti/C multilayer sample. To determine the thickness 
of each layer, an intensity as a function of depth profile was generated by averaging the pixel 
intensities over a boxed area with a width of 50 pixels. The individual layer thicknesses were 
determined by measuring the widths of the dark and bright bands in the profile.  
 
 
 
Figure 4.5: XTEM image of the Ti/C multilayer with the SiO2 evident at the top of the image 
and the epoxy used during sample preparation at the bottom. The image intensity was 
averaged over the area of the box (dotted line) to quantify the layer thicknesses. 
 
 
 
 
 
 
 
 
 
                                                                              Chapter 4: Engineering of Nanostructured Multilayers 
 
54 
Layer   Ellipsometry    TEM    Difference 
   Thickness (nm)  Thickness (nm)  (nm)  
Ti   5.8    5.8    0.0 
C   4.5    4.4    0.1 
Ti   5.5    5.3    0.2  
C   4.2    4.0    0.2 
Ti   5.3    5.2    0.1 
C   4.4    4.1    0.3 
Ti   4.0    4.0    0.0 
C   4.5    4.7    0.2 
Total   38.2    37.5    0.7 
 
Table 4.2: Film thickness values independently determined using ellipsometry and XTEM. 
 
A comparison of the thicknesses obtained using ellipsometry and XTEM are shown in Table 
4.2 showing good agreement. Using layer thickness values obtained by both techniques, a 
variation of only 0.3 nm is observed.  
 
4.2.3 – Summary 
 
In this section, in-situ ellipsometry was shown to be an accurate tool for determining film 
thickness in the case of a Ti/C multilayer with layer thicknesses down to approximately 4 nm. 
As discussed in chapter 3, this technique relies on previously measured optical properties 
from the substrate which includes an interference feature. The technique is extremely 
sensitive to slight changes in the optical properties of a surface and does not rely on any prior 
knowledge of the film optical constants and is therefore suitable for thin films whose 
properties change with thickness and are usually quite different to the bulk. This technique 
will be used later in this thesis to help determine if the surface of a sample has been altered 
following an attempted deposition of another material. 
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4.3 – Ion Beam Modification 
 
This section investigates the use of ion implantation to alter the surface of an existing layer to 
form a bilayer. The idea is to create a new layer which exhibits alternative properties and 
structure. Ion implantation can be used in cathodic arc deposition where the depositing ions 
are highly ionised. The simplest way to modify the energy of these incident ions is by 
supplying a large negative pulsed bias to the substrate holder in the range of a few hundred 
volts up to 30 kV. By applying a negative bias to the substrate holder larger than the plasma 
potential, the sheath will consist of primarily ions as the electrons will be driven out. Due to 
the electric field which is created, ions are accelerated towards the substrate resulting in an 
implantation effect [20].  
 
An alternative method for ion implanting a substrate is to bleed a gas into the chamber and 
apply the high voltage pulses with the deposition off.  This will create a glow discharge 
around the substrate. Gas ions are then accelerated across the sheath and implanted into the 
substrate. This implantation of ions can produce a phase transformation in the substrate 
material. For example, researchers have reported the effects of ion implantation on a high 
density, high sp
3
 content carbon known as tetrahedral amorphous carbon (ta-C) [21]. The ion 
bombardment transforms the ta-C density into a low density, low sp
3
 amorphous carbon (a-C). 
In this first section we present results on the formation of a bilayer of low and high density a-
C by depositing ta-C and then modifying the surface using ion bombardment. ta-C was chosen 
due to its high elastic modulus and desirable properties for wear resistant coatings, however it 
does exhibit poor adhesion as a result of its high intrinsic stress. This technique could 
potentially be used to create multilayers by performing multiple depositions and 
modifications.  
 
4.3.1 – Experimental Details 
 
An initial ta-C layer was deposited onto a Si/SiO2 wafer using the pulsed filtered cathodic 
vacuum arc. Prior to deposition the substrate was plasma cleaned for 5 minutes using 20 µs, 2 
kV pulses at a frequency of 25 kHz. Ar gas was bled into the chamber during substrate 
cleaning resulting in a background pressure of 28 mTorr and creating an argon glow 
discharge. Following the substrate cleaning a 99.99% pure graphitic cathode was ignited with 
a high current (1 kA) power supply for pulse lengths of 0.5 ms at a frequency of 10 Hz to 
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deposit the carbon film. A residual pressure of 1.5x10
-6
 Torr was achieved prior to deposition. 
Ellipsometry measurements provided an approximate film thickness of 40 nm. Post deposition 
ion bombardment was performed using 10 kV, 1 kHz, 50 µs pulses in a 3.8 mTorr argon 
background gas. The glow discharge created resulted in an acceleration of the ions across the 
plasma sheath which surrounds the substrate. The result was implantation into the initial 
carbon layer which created a modified surface region.  
 
XTEM in combination with EELS linescans in scanning TEM mode were performed on the 
carbon film after implantation. A JEOL 2010 TEM operating at 200 kV was used to observe 
the microstructure, in combination with a GIF to collect EELS spectra. Sample preparation 
was performed using mechanical tripod polishing and ion beam thinning. Linescans allowed 
the plasmon peak position, relative thickness and concentration of C, O and Ar as a function 
of depth in the sample to be determined. Accurate determination of the sp
2
 fraction was 
ascertained by comparing the intensity of the 1s and π
*
 feature of the C k-edge to a known 
glassy carbon sample which consists of predominantly graphitic bonding [22]. The film 
density is an additional parameter of interest which was estimated from the plasmon peak 
positions as discussed in section 3.3.2. 
 
4.3.2 – Results 
 
The micrograph in Figure 4.6(a) shows the epoxy used during sample preparation on the left 
of the film with the SiO2 substrate on the right. The linescan was performed from left to right. 
According to ellipsometry data, the approximate thickness of the carbon bilayer was 42 nm 
which is a slight increase from the initial measured thickness prior to implantation.  Figure 
4.6(b) shows the relative elemental distribution of C, O and Ar calculated from the EELS 
linescan data.  The C shows a steady concentration through the majority of the sample, 
including the epoxy which primarily consists of C, until the substrate is reached and the 
relative percentage diminishes rapidly. The O content is negligible throughout the film, 
however shows a peak at the film surface-epoxy interface where an oxide layer would have 
formed after removal from the deposition chamber. A sharp increase in O also occurs at the 
onset of the substrate which coincides with the beginning of the silicon oxide wafer.  Perhaps 
of most interest is the Ar content in the film which is a maximum at a distance of 6 to 15 nm 
into the film from the surface. As a result of Ar plasma cleaning prior to deposition, an 
additional Ar peak exists near the film-substrate interface. To understand the presence of Ar 
towards the surface of the ta-C sample, SRIM simulations were performed to gauge the extent 
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of implantation as a result of the Ar background gas. The most probable ion stopping distance 
for the 10 kV Ar ions into a ta-C film is a depth of 7.5 nm. The range of ion implantation 
varies however with a maximum depth of approximately 18 nm as seen below in Figure 4.7.   
 
 
Figure 4.6: (a) XTEM image, (b) elemental concentration of C, O and Ar, and (c) sp
2
 fraction 
and density of the C/C bilayer produced using ion implantation. 
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Figure 4.7: SRIM depth profile of 10 kV argon ion implantation into ta-C (3.0 g/cm
3
). 
 
 
The SRIM simulation is in good agreement with the elemental concentration of Ar with both 
values ceasing at a maximum depth of approximately 18 nm from the surface. This depth also 
corresponds accurately with the point at which the transition between high sp
2
 and high sp
3
 
bonding occurs. Figure 4.6(c) shows the sp
2
 fraction and the film density as a function of 
depth. The increase in density corresponds with the decrease in sp
2
 fraction and the absence of 
Ar in the sample. Ar atoms trapped in the carbon are correlated with this observed reduction 
in density. The implantation of Ar also affects the bonding type with an increase from 
approximately 25% up to 75% sp
2
 bonding in the implanted region. The explanation for this is 
that the energy deposited in the layer by the implanted Ar has allowed a local annealing to 
occur, releasing the sp
3
 material to sp
2
 with a corresponding expansion (increase in thickness). 
The increase in sp
2
 bonding towards the film-substrate interface has been observed previously 
by Muller et al. [23], with an initial sp
2
 layer forming prior to the onset of ta-C. 
 
4.3.3 – Summary 
 
Ion implantation has been used to successfully create a bilayer C sample consisting of two 
layers with varying degrees of sp
2
 bonding. Limitations in this technique for the formation of 
multilayers exist in regards to the material selection, and the control over the layer properties 
such as thickness and uniformity. In particular, it would be difficult with this method to create 
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uniform multilayers with layer thicknesses less than approximately 10nm. In addition, this 
method can only be applied to a limited number of coatings in which ion bombardment 
produces a distinct change in phase. One potential use of this method could be to modify the 
interfaces between layers. Given that interfaces are thought to play an important role in 
determining the properties of multilayers, changing the structure of the interface using ion 
implantation may provide a means of improving adhesion between layers. For example, ta-C 
is known to form high stress coatings which has an increased likelihood of delamination. By 
modifying the surface of these coatings the internal stress can be reduced allowing improved 
adhesion.  
 
 
4.4 – Conclusion 
 
This chapter was divided into three sections. The first section explored the use of in-situ 
resistivity as a means of determining film continuity. Researchers have observed that 
interesting changes in film properties occur at the nanometre scale, just beyond the 
percolation threshold at which point the film first becomes continuous. Having a technique 
which allows this point to be determined is a benefit when observing film formation. The 
observation of Ti and V thin films was made using in-situ resistivity measurements and fitted 
to a model used to explain the conductivity mechanisms of thin films. The minimum of the 
Rt
2
 vs. t plot allows the point at which a film becomes electrically continuous to be 
determined. This minimum also agrees with the minimum obtained using a model by Tellier, 
Pichard and Tosser which breaks down beyond a certain thickness at which stage the fitting 
parameters become unrealistic. A drawback of this technique is that an assumption has to be 
made that electrical continuity and mechanical cohesion occur at the same point. Another 
disadvantage of this technique, when applied to multilayer coatings, is the difficulty of 
applying it to multiple layers.  
 
In-situ spectroscopic ellipsometry was also discussed as a possible method for determining 
film thickness and as a sensitive measure of whether a surface has been altered following 
deposition. It was shown to provide accurate layer thicknesses for a Ti/C multilayer using a 
method proposed by Arwin and Aspnes. The thickness values were in good agreement with 
those independently determined using XTEM. Use of the Arwin and Aspnes method allows 
accurate calculations for very thin films where the optical constants are quite different from 
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bulk values. Some limitations exist for the use of in-situ spectroscopic ellipsometry. When the 
film thickness becomes too large, the interference feature can no longer be resolved making 
accurate determination of the new layer thickness problematic.  
 
The use of ion beam modification was investigated as an alternative technique for creating 
nanostructured multilayers. This technique was shown to produce a low density/high density 
a-C bilayer by ion implanting ta-C. The limitation of this technique for producing multilayers 
arises when considering the material selection available for modification, and the limited 
range of control over the film properties and dimensions.  
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Chapter 5: 
 
 
 
Magnetron Sputtered 
Aluminium/Tungsten 
Nanostructured Multilayers 
 
 
This chapter presents the investigation of Al/W multilayer 
coatings with nominal bilayer thicknesses from 10 to 200 nm 
prepared using magnetron sputtering. Compositional information 
was obtained using AES depth profiling to determine the films 
stoichiometry. Microstructural studies were carried out using XTEM 
to observe the resultant film morphology. Finally, the mechanical 
properties of the coatings were investigated using nanoindentation 
measurements to determine the hardness and elastic modulus of the 
coatings.  
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5.0 – Introduction 
 
Magnetron sputtering is a commonly used technique for the fabrication of thin film coatings. 
Developments in the systems configuration have seen the onset of a range of sputtering 
sources including the unbalanced and pulsed magnetron [1,2]. These variations to 
conventional sputtering have been in an effort to improve the deposition rates and degree of 
ionisation. Improving the control of parameters including the energy and flux, have assisted in 
the fabrication of coatings which can be tailored with properties for specific applications [3]. 
These advances have established magnetron sputtering as a dominant process for the synthesis 
of a range of important coatings with varied optical or mechanical properties [4,5].  
 
Al/W multilayers have been studied as they consist of two materials with strongly opposing 
modulus values (70 GPa and 411 GPa respectively). Several techniques could be used for the 
production of Al/W multilayer coatings however magnetron sputtering was chosen due to its 
wide spread use in industry. Using a pulsed power supply as opposed to conventional 
magnetron sputtering has allowed higher deposition rates and higher ionisation to be achieved 
[1,3].  
 
Extensive research into the hardness enhancement of nitride metal multilayers has been 
performed showing promising results [6-8]. Magnetron sputtering is a common choice for 
nitride materials as it complies with industrial requirements including high deposition rates 
and high reliability. Auger et al. [7] observed increases in TiN/AlN multilayer coating 
hardness for samples with an increasing number of interfaces. Observations of the 
microstructure of this system showed interface roughness relating to the columnar growth 
observed in the layers. The possible mechanism associated with the increase in hardness was 
believed to be dislocation blocking as a result of the different types of structures used. Kim et 
al. [8] also observed hardness enhancements in their TiN/NbN multilayer system which they 
related to variations in shear modulus. Observations of the microstructure for this system 
indicated that diffusion at the interfaces was present as reported above. An and Zhang [6] 
showed a similar increase in indentation hardness however reported sharp interfaces with well 
modulated periods. Besides the lengthy research into nitride coatings, very few have focused 
their attention on metal-metal multilayers deposited using magnetron sputtering. Geyang et al. 
[9] observed an increase in hardness for W/Mo multilayers as the period was decreased. A 
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maximum hardness was observed at a period of 10 nm, 51% higher than the value determined 
using the rule-of-mixtures. The observed microstructure for this system consisted of interfaces 
with a wave-like appearance as a result of different crystal orientations. Not all cases of 
multilayer fabrication reported increased hardness, with Clemens and Eesley [10] observing a 
softening of the elastic response for Mo/Ni, Pt/Ni and Ti/Ni samples. They too noted diffusion 
at the interfaces which corresponded to a measured expansion in the average lattice spacing.  
 
 
5.1 – Experimental Deposition Conditions 
 
The set of Al/W multilayer coatings were prepared using a pulsed magnetron sputtering 
system designed and built at Lawrence Berkeley National Laboratory (LBNL), California 
U.S.A. The coatings were deposited onto 350 µm <100> silicon wafer substrates cut into 
approximately 2 cm squared pieces. Prior to deposition, the Si substrates were ultrasonically 
cleaned in acetone and dried with pure nitrogen. Two sputter guns with 76 mm Al and W 
targets were run alternately in pulsed-DC mode. An Advanced Energy Pinnacle Plus power 
supply operating at a frequency of 100 kHz and power of 100 W was used. In an attempt to 
minimise oxidation and to achieve comparable deposition rates for both the Al and W, the 
following conditions were used: 
 
 Argon Flow 
(sccm) 
Gate Valve 
Position (Arb.) 
Chamber 
Pressure (mTorr) 
Aluminium 126 480 6.9 
Tungsten 89 500 4.5 
 
Table 5.1: Magnetron sputtering deposition parameters including gas flow,  
gate valve position and resultant chamber pressure for the Al and W source.  
 
The deposition rates were determined by measuring the thickness of the film deposited after a 
run time of 20 minutes. The resultant values were 5.2 nm/min and 4.9 nm/min for Al and W, 
respectively. The chamber was cryogenically pumped to a residual pressure of better than 
8x10
-6
 Torr. Based on the deposition rates above, the nominal total multilayer coating 
thicknesses were intended to be 200 nm for all samples. Five multilayer samples were 
fabricated with varying periods as outlined below in Table 5.2. Each sample was produced 
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using a single deposition run. For reproducibility within the system used, all the deposition 
parameters (including the base chamber pressure) should be maintained.  
 
 Name  Nominal Layer  Measured Total  Base Chamber
  Thicknesses (nm)  Thickness (nm)   Pressure (Torr) 
S200  100    217.7    3.3x10
-6
 
  
S100  50      218.6    7.1x10
-6
  
            
S50  25    221.2    7.5x10
-6
  
           
S20  10    250.2    3.9x10
-6
  
            
S10  5    285.9    7.8x10
-6
 
  
      
TABLE 5.2: Summary of the Al/W samples deposited using pulsed magnetron sputtering 
including the nominal period size, total film thickness and the base pressure prior to 
deposition. The sample name indicates the nominal thickness. 
 
 
5.2 – Characterisation of the Al/W Nanostructured 
Multilayers 
 
5.2.1 – Profiler Thickness 
 
A surface profiler was used to confirm the total film thickness and the results are shown 
below in Figure 5.1. The error margin represents 3 standard deviations determined from the 
several individual thickness measurements. The multilayer samples with nominal periods 
down to 50 nm show good agreement with the intended 200 nm total thickness. The smallest 
two period samples with nominal values of 20 and 10 nm show a total thickness greater than 
the nominal thickness. This is likely to be the result of the time taken to shut off the 
deposition which becomes significant at small layer thicknesses. The increased number of 
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layers may also be a result of interface roughening which can lead to an expansion of the 
lattice spacing as described in section 2.2.2.1. The consequences of both these factors can lead 
to an increase in total film thickness when more layers are present. 
 
 
    
Figure 5.1: Total film thickness for the Al/W magnetron sputtered 
samples with varying periods. 
 
5.2.2 – Compositional Analysis 
 
A relatively quick and convenient technique for determining the elemental composition of the 
multilayer coatings as a function of depth is AES depth profiling. This technique allows the 
films stoichiometry to be determined by measuring the energy of the emitted Auger electrons 
after an incident electron beam interacts with the sample and forces the atom to undergo a 
relaxation process. Figures 5.2 (a, b) show the significant peaks for the Al (KL1 at 1393 eV) 
and W transitions (MN3 at 1729 eV), respectively. Other peaks of interest include the Si KL1 
at 1616 eV and O KL1 at 511 eV as shown in Figure 5.2 (c, d), respectively.  A list of other 
high energy Al, W and Si peaks for the most favourable transitions are given in Table 5.3. 
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Figure 5.2: Auger spectra of (a) Al KL1, (b) W MN3, (c) Si KL1 and (d) O KL1, taken from 
the survey spectrum of sample S20. 
 
 
Aluminium Kinetic 
Energy (eV) 
Tungsten Kinetic 
Energy (eV) 
Silicon Kinetic 
Energy (eV) 
KL2 1377 MN1 1791 KL2 1599 
KL3 1362 MN5 1563 KL3 1575 
KL4 1341 MN6 1517 KL4 1558 
KL5 1326 MN7 1501 KL5 1541 
 
Table 5.3: Auger peak energies corresponding to favourable high energy transitions for Al, W 
and Si.  
 
After the completion of a full spectrum scan of energies ranging from 50 – 2000 eV, etching 
of the sample with a 3 keV ion beam is performed for a period of 30 s. This process is 
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continued through the entire thickness of the coating. A peak fit can be performed for each 
element of interest, and using the area underneath the curve a quantitative percentage of the 
atomic composition can be acquired. These compositional quantities are determined by also 
taking into account the sensitivity factors for each material which are dependent on the 
probability of transitions occurring between orbitals. Peak selection was made based on the 
position and intensity of the data. An example of the peak data for Al, W, Si and O is given in 
Table 5.4 below for one of the multilayer samples. 
 
Name Start 
KE 
Peak 
KE 
End 
KE 
Height 
Counts 
FWHM 
(eV) 
Area (N) At. 
% 
SF 
Al 
KL1 
1383.69 1393.37 1401.88 484711.15 7.69 397376218.70 31.83 0.24 
W 
MN3 
1719.20 1733.24 1747.98 563124.11 12.32 840860622.90 67.35 0.21 
Si 
KL1 
1609.30 1623.35 1626.19 9990.63 0 0 0 0.16 
O 
KL1 
502.11 511.67 525.26 39944.89 5.33 10318594.91 0.83 0.96 
 
Table 5.4: Example of Auger peak data for Al KL1, W MN3, Si KL1 and O KL1.  
 
This technique was specifically chosen to provide an initial indication on the composition and 
bonding in the films, and determine whether an impurity element such as O is present. The 
plot in Figure 5.3 (a-c) shows the depth profiles obtained for the magnetron sputtered samples 
with periods of 50 nm, 20 nm and 10 nm, respectively.  
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Figure 5.3: Auger spectra for the Al/W multilayer samples 
with a period of (a) 50 nm, (b) 20 nm and (c) 10 nm. 
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Figure 5.3 (a) shows the Auger spectra for the magnetron sputtered sample with a period of 50 
nm. This spectrum shows a definite layered structure, alternating in composition between W 
and Al. At the onset of each Al layer where the interface exists, the presence of O increases. 
Layers are observed through the entire depth of the sample, at which stage the presence of the 
Si substrate is observed. The depth resolution decreases with sputtering time as the etch crater 
roughens. The spectrum for the Al/W sample with a period of 20 nm is shown in Figure 5.3 
(b). This spectrum initially indicates the presence of layering between the W and Al. Over 
time, and as the etch crater broadens, the presence of these layers becomes indistinguishable. 
The discontinuity in the spectra at an approximate etch time of 1000 seconds is due to an error 
during data acquisition. The AES results for both films show incorporation of O, particularly 
into the Al layers which oxidize readily. The O level was found to be the lowest in sample 
S20 which had the lowest base pressure. This indicates that the O is being gettered by the Al 
during film growth. The spectrum in Figure 5.3 (c) shows the Auger data for the sample with 
a period of 10 nm. Initial layering is again observed closest to the surface. The level of O is 
steady through out this sample.  
 
5.2.3 – Microstructure Observations 
 
XTEM was used to observe the microstructure of samples prepared using magnetron 
sputtering. Sample preparation was performed using FIB as discussed in section 3.3.1.2. 
Figure 5.4 shows a XTEM image of the sample with a period of 100 nm. The main features 
evident are the Si substrate, Al and W layers, and Pt layer deposited during sample 
preparation to reduce ion damage to the coating. 
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Figure 5.4: XTEM image of the Al/W magnetron 
sputtered sample with a period of 100 nm.  
 
Figure 5.4 shows that the coating has a definite layered structure, however the interfaces are 
relatively rough. The total thickness of the coatings as displayed in the line profile in Figure 
5.5 is approximately 200 nm, as expected based on the profiler measurements and on the 
earlier determined deposition rates. The individual layer thicknesses are also quite close to 
that intended. 
 
 
   Figure 5.5: Line Profile of the Al/W magnetron  
sputtered sample with a period of 100 nm. 
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XTEM images of the 50 nm and 20 nm Al/W sputter deposited samples are shown below in 
Figure 5.6 (a, b), respectively. Both images include the Si substrate to the left of the film, then 
a layered structure with alternating Al and W composition. As in Figure 5.4, the interfaces 
appear to be rough. The total film thickness of Figure 5.6 (a) is just under 200 nm, but appears 
to be missing the final W layer, most likely as a result of excessive thinning during XTEM 
sample preparation. The thickness of the coating in Figure 5.6 (b) is approximately 240 nm, as 
expected from the profiler data. 
 
 
 
   Figure 5.6: XTEM image of Al/W magnetron sputtered 
   sample with a period of (a) 50 nm and (b) 20 nm. 
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5.3 – Indentation Hardness / Elastic Modulus 
Measurements 
 
Indentation hardness and elastic modulus data was acquired for the Al/W multilayer samples 
and the single Al and W coatings prepared using magnetron sputtering. This work was carried 
out using a Hysitron Nanoindenter system housed at ANU, Canberra Australia. This system 
compiled load partial-unload force displacement data for 25 forces ranging from 2000 to 150 
µN. An example of a typical force displacement graph is shown in Figure 5.7. 
 
 
   
Figure 5.7: Force displacement graph for the Al/W sputtered sample 
  with a period of 10 nm, and an applied force of 1 mN. 
 
The maximum indentation depth for each maximum force is then used to determine the 
hardness of the thin films according to equation 3.7 in section 3.5.  A set of data points is 
collected from each of the 25 force displacement graphs and compiled in a plot as seen in 
Figure 5.8 below. At either end of the hardness scale lays the single W and Al layers. The 
remaining multilayer samples lie between the two single layer values.  
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Difficulties arise in determining what influence if any the substrate has on the measured 
indentation hardness of coatings. No widely agreed method exists for eliminating the presence 
of substrate effects. A general rule-of-thumb can be used to minimise the substrates influence 
on the measured indentation hardness by selecting values which only penetrate 10% to 20% 
of the total film thickness. Other alternatives to minimising substrate effects include using 
small forces, however the existence of background noise created from vibrations and surface 
roughness can limit the resolution for smaller penetration depths. For this reason hardness and 
elastic modulus values representing a penetration depth of 15% of the total film thickness 
have been provided in Figure 5.9. The single W layer has an indentation hardness value of 
just above 21 GPa and an elastic modulus value of approximately 200 GPa. For single layer 
Al, the indentation hardness value is just below 7 GPa and the elastic modulus is 
approximately 170 GPa (with a systematic error of approximately ±10%). For both the 
indentation hardness and elastic modulus data, the majority of the multilayer samples exhibit 
values between the single W and Al layers.   
 
 
Figure 5.8: Hardness-penetration depth data for the Al/W sputtered samples. 
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Figure 5.9: Hardness and elastic modulus values for Al/W multilayer, Al and W 
samples. 
 
The sputtered samples show no evidence of increased hardness or modulus, with most values 
lying around that of pure Al (7 GPa and 170 GPa, respectively). The indentation hardness and 
elastic modulus values for the sputtered samples are lower than even the rule-of-mixtures 
values, which gives a hardness value of ~13 GPa and a modulus of ~193 GPa assuming a 
50/50 volume ratio. This reduction in hardness and modulus follows a similar trend to the 
systems mentioned in section 2.2.2.1 which show that an expansion of the lattice parameters 
results in a decrease in elastic modulus [10,11].  
 
 
5.4 – Discussion 
 
The AES results showed that the sputter deposited Al/W multilayers consistently formed a 
layered structure.  Samples down to a period of 50 nm had an approximate thickness of 200 
nm as expected. In the case of the samples with a period of 20 and 10 nm, the measured total 
thickness was greater than the nominal thickness. This is likely to be the result of the time 
taken to shut off the deposition which becomes significant at small layer thicknesses. Any 
error in run-time associated with the changing of cathodes after each layer will be multiplied 
by the number of stoppages. Other possibilities for errors include the effect of interface 
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roughness which has been observed in other magnetron sputtered multilayer films. Some 
researchers have observed an expansion of the lattice parameters in certain directions at the 
interfaces, or the presence of a diffuse layer which is often indicated by increased surface 
roughness [10-13]. These interfacial defects are capable of producing variations in the film 
thickness from that expected based on deposition rate measurements of single layers of the 
constituent materials. 
 
The XTEM images confirmed the presence of a layered structure and also revealed rough 
interfaces. As observed in previous systems [7,8,12], the interface roughness becomes more 
evident with a greater number of layers. The individual layers appear to be approximately 
equal in thickness, with some minor evidence of W penetration or sputtering of the Al layers.  
 
The Al/W multilayer coatings produced using pulsed magnetron sputtering with periods 
ranging from 200 nm down to 10 nm show no evidence of enhanced mechanical properties. 
These results suggest that even though W and Al have contrasting mechanical properties, 
when combined into a multilayer they don’t exhibit any hardness enhancement. In addition, 
the microstructure which shows rough interfaces suggests that the layers form in an island 
growth mode. This type of growth sees a domination of 3-dimensional features, which tends 
to evolve into a coating filled with voids and creates an interface which is rough in nature. In 
addition, magnetron sputtering often produces coatings with a high number of cracks and 
voids due to the nature of the deposition which contains low energy ions and neutrals. 
Therefore, the quality of the coatings produced using magnetron sputtering may not be high 
enough to produce an enhancement effect. 
 
 
5.5 – Conclusion 
 
W/Al multilayer coatings were successfully produced using magnetron sputtering with 
periods between 10 and 200 nm. Microstructural characterisation revealed layers with 
relatively rough interfaces. No evidence for a hardening enhancement effect due to the 
presence of multilayers was observed. The lack of a hardening enhancement may be the result 
of the quality of the layers produced by magnetron sputtering which showed evidence of 
porosity, and contained high levels of O impurities.  
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Chapter 6: 
 
 
 
Pulsed Cathodic Arc 
Deposited 
Aluminium/Tungsten 
Nanostructured Multilayers 
 
 
In this chapter, the microstructure and mechanical properties of 
Al/W multilayer coatings prepared using a pulsed filtered cathodic 
vacuum arc are explored. Mechanical testing, including stress, 
indentation hardness and elastic modulus measurements were 
determined and compared to measurements of the coatings 
composition and microstructure. 
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6.0 – Introduction 
 
Pulsed filtered cathodic arc has emerged over the past few decades as a suitable technique for 
the deposition of thin film coatings. The benefit of this system is its ability to produce high 
density coatings which can be prepared with an accurately controlled thickness down to the 
nanometre scale [1-3]. A large number of studies into the effect of deposition conditions on 
film structure and properties have been undertaken for multilayer coatings, with a large focus 
being on stress formation [4-8]. Additional properties like indentation hardness and elastic 
modulus have not been studied to such an extent, and enhancements have been observed for 
certain systems. The mechanisms which lead to this hardness enhancement are not yet well 
understood. In order to understand these mechanisms, a first step is to find the relation 
between microstructure and mechanical properties. The importance of studying 
microstructure is underscored by the observations in the previous chapter which showed that 
the formation of a multilayer structure is not guaranteed to produce improved properties. 
 
This chapter follows on the work described in the last chapter and investigates whether using 
highly ionised and energetic plasma available in the cathodic arc will have an impact on the 
microstructure and mechanical properties observed in Al/W multilayers.  
              
 
6.1 – Experimental Deposition Conditions 
 
Specimens were prepared using the University of Sydney pulsed cathodic arc described in 
section 3.2.2. This system has two cathodes injecting plasma into the same filter duct, so that 
multilayered materials can be deposited without breaking vacuum between layers. The Al and 
W cathodes were triggered with a repetition rate of 5 pulses per second by applying a high 
voltage trigger pulse to a centrally mounted electrode. The cathodic arc was driven by a high 
current (1.5 kA) power supply. Since the two materials have different arc spot velocities, two 
different pulse lengths of 250 and 500 µs were used for Al and W, respectively. This 
produced average deposition rates of 0.024 nm per arc pulse for Al and 0.008 nm per arc 
pulse for W. The multilayers were deposited on either <100> Si wafers or <100> Si wafers 
with a 500 nm SiO2 surface layer.  All substrates were chemically cleaned using acetone, 
ethanol and distilled water baths in an ultrasonic cleaner. The substrate was allowed to reach 
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floating potential during deposition. Prior to deposition, the residual chamber pressure was 
better than 3.6x10
-6
 Torr.   
 
 
6.2 – Characterisation of the Al/W Nanostructured 
Multilayers  
 
6.2.1 – Sample Summary 
 
Table 6.1 provides details on the samples prepared using the pulsed filtered cathodic arc with 
a floating substrate potential. Note that there was no background gas present during 
deposition of these samples. The variation in the chamber pressure for sample A5 is due to a 
longer pumping time, and may be responsible for changes in the O content of this sample. 
 
 Name  Nominal Layer  Measured Total  Base Chamber
  Thickness (nm)  Thickness (nm)   Pressure (Torr) 
A200  100    200.5    3.0x10
-6
  
A100  50    137.4    3.6x10
-6
  
A50  25    127.3    2.8x10
-6
 
A20  10    113.1    3.3x10
-6
 
A10  5    111.5    2.3x10
-6
 
A5  2.5    96.1    7.0x10
-7
 
A2  1    178.9    2.5x10
-6
 
A1  0.5    192.5    2.4x10
-6
 
 
Table 6.1: Summary of the Al/W samples deposited using pulsed filtered cathodic arc at a 
floating potential including the nominal period size, total film thickness and base pressure. 
 
6.2.2 – Profiler Thickness 
 
The total film thickness was measured using a Tencor surface profiler. This information 
provided an initial indication as to the success of the deposition of the coatings using the 
pulsed cathodic arc. Figure 6.1 shows the measured thickness values for each of the coatings 
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with varying nominal bilayer periods. The error for each value was determined using three 
standard deviations determined from several measurements of each sample.    
 
 
 
   Figure 6.1: Total film thickness for the Al/W cathodic 
arc deposited samples with varying periods. 
 
The thickness measurements determined using the Tencor profiler provided an initial 
indication that the deposition using the pulsed cathodic arc with a floating substrate potential 
did not behave as expected. The dramatic deviation in total film thickness from the nominal 
value expected suggested that not all of the ions deposited were incorporated into the coating. 
The measured coating thicknesses which were less than the nominal values, down to 
approximately 50% in the case of the sample with a nominal period of 5 nm. The measured 
thickness of the samples with a nominal period of 2 and 1 nm increased rapidly towards the 
nominal thickness. As shown below, the deficit in deposited thicknesses is due to the absence 
of most of the Al layers.  
 
6.2.3 – Compositional Analysis 
 
AES depth profiles were performed on the pulsed cathodic arc deposited samples to quickly 
determine the film stoichiometry. Peak profiles were compiled for the Al KL1, O KL1, Si 
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KL1 and W MN6 transitions, allowing the relative elemental compositions to be determined. 
Figure 6.2 shows the relative atomic percentage as a function of etch time for the A50, A20, 
A10, A5 and A1 samples. The AES depth profiles for samples A200 to A5 all indicate that no 
Al is present near the surface of the sample. The only Al seen within this sample is near the Si 
substrate, indicating that Al is only incorporated during the initial stages of deposition, in 
agreement with the observation of a deficiency in total film thickness shown in Figure 6.1. A 
similar deficiency of Al was observed for all samples deposited with nominal periods of 5 nm 
or more. In the case of samples with nominal periods of 2 and 1 nm, Al was present 
throughout the entire coating as shown for the 1 nm case in Figure 6.2(e). Some O is also 
present in the samples with the smaller period thicknesses near the Si substrate. 
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Figure 6.2: AES depth profiles of the pulsed cathodic arc deposited samples with a period of 
(a) 50 nm, (b) 20 nm, (c) 10 nm, (d) 5 nm and (e) 1 nm. The Al KL1, O KL1, Si KL1 and W 
MN3 relative atomic percentages are shown.  
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6.2.4 – Microstructure Observations 
 
XTEM was performed to determine the microstructure of the films deposited. This technique 
allows the microstructure of these samples to be determined and may provide information 
relevant to the film formation mechanisms by means of interface analysis and bright and dark 
field imaging allowing the grain/crystal size to be ascertained. Figure 6.3 shows the XTEM, 
bright and dark field images from the Al{111} reflection. The Si substrate appears to the 
upper left hand corner of the images, while epoxy used during sample preparation is at the 
lower right hand side. The film thickness is approximately 200 nm as intended, with each of 
the Al and W layers being 100 nm thick. The Al layer appears to have a columnar structure 
with large crystallites forming.  
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Figure 6.3: (a) XTEM image, (b) bright field (BF) image and (c) dark field (DF) image taken 
using the Al{111} reflection from the accompanying diffraction pattern for sample A200.  
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Sample A100 is shown in Figure 6.4 with a XTEM image and a dark field image taken using 
the W{110}/Al{111} reflections. The total film thickness appears to be approximately 150 
nm which corresponds with the previously determined profiler thickness data. Again we 
observe columnar growth in the Al layer with crystallites spanning the entire depth of the 
layer. The W layer also appears to have formed large crystallites, some with lengths of up to 
100 nm. The diffraction pattern shows multiple reflections with no obvious sign of preferred 
orientation. Only the initial Al is evident in these images, which is in good agreement with the 
AES depth profile analysis. 
 
 
 
Figure 6.4: (a) XTEM image and (b) dark field (DF) image taken using the W{110}/Al{111} 
reflection from the accompanying diffraction pattern for sample A100.  
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Figure 6.5 below shows the XTEM images for sample A50, including some HR images 
showing the Si-Al interface, Al-W interface and W layer. The region on the lower right hand 
side is Pt which is deposited during sample preparation using the FIB. An amorphous band is 
also evident on the surface of the film which is a result of ion implantation and damage 
associated with this technique. There is no evidence of Al throughout the film, other than the 
initial Al layer against the Si substrate. Columnar style growth is observed for both layers 
with relatively large crystallites. The Si-Al interface appears quite sharp with minimal 
disruptions, while the Al-W interface appears diffuse and rough which is characteristic of 
cathodic arc deposition. The HR images of the W layer show multiple grain boundaries and 
dislocations. The total film thickness according to the XTEM images is approximately 125 
nm. 
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Figure 6.5: (a) XTEM image of entire coating, (b) HR image of the Si/Al interface, (c) HR 
image of the Al/W interface, (d) HR image of the W layer showing defects and grain 
boundaries and (d) an additional HR image of the W layer for sample A50.  
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Sample A20 is seen below in Figure 6.6 with one evident Al layer against the Si substrate and 
a thick band of W which is approximately 100 nm in thickness. Columnar growth is observed 
however smaller crystallites can be seen which only span approximately 1/10 of the W layer. 
This reduction in crystal size may arise from a temperature variation during deposition. When 
the deposition time is large (i.e. when the layer thicknesses are greater), an increase in the 
temperature occurs in the layers allowing increased ion mobility. The increased mobility may 
allow ions to move to more stable locations or preferred sites resulting in larger crystals 
forming.  
 
 
 
Figure 6.6: (a) Low magnification XTEM image and (b) high magnification XTEM image for 
sample A20. The Si substrate on the left is followed by an Al layer, then a W band with a 
thickness of approximately 100 nm. To the right of the W is an epoxy layer used during TEM 
sample preparation. 
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Sample A10 shows some initial Al layering closest to the Si substrate. These layers span 
approximately 1/3 the length of the total film, with the individual Al layers reducing in 
thickness until only W is observed. The total film thickness appears to be 105 nm. An Al 
EFTEM map was acquired to confirm the Al deficiency throughout the film (see Figure 
6.7(c)).   
 
 
 
Figure 6.7: (a) Low magnification XTEM image, (b) high magnification XTEM image and 
(c) Al K-edge EFTEM map for sample A10.  
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Partial layering is again observed for the A5 sample according to the XTEM images shown in 
Figure 6.8. The thickness of the Al layers diminishes over the depth of the sample until 
eventually only W is present. Small crystals are observed in the W layer confirming that the 
ion mobility may occur following deposition. An amorphous band is present at the surface of 
the coating and a Pt layer at the lower right hand side as a result of the FIB sample 
preparation. 
 
 
 
Figure 6.8: (a) Low magnification XTEM image and (b) high magnification XTEM image for 
sample A5.  
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Sample A1 XTEM image is shown in Figure 6.9 below. The layer with an approximate 
thickness of 200 nm appears to consist of small crystals with no layering observed. As 100 nm 
of both Al and W was deposited, it appears as though a nano-composite has formed rather 
than a multilayer structure. This occurs when the layers are very thin and the deposition is 
essentially a co-deposition process. X-ray diffraction (XRD) was performed on sample A1 as 
shown in Figure 6.10.  The XRD pattern indicates that some W-Al intermetallic alloys have 
formed, with many lines indexable to Al4W and Al5W, in addition to pure W lines [9].  
 
 
Figure 6.9: XTEM image for sample A1. 
 
 
Figure 6.10: X-ray diffraction data for sample A1 showing peaks  
corresponding to pure W, Al4W and Al5W compositions.  
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6.3 – Mechanical Property Analysis 
 
Hardness and modulus data was acquired for the pulsed cathodic arc samples deposited with a 
floating substrate potential. The hardness-penetration data can be seen in Figure 6.11 below. 
From this data it is evident that a large portion of the samples lie at approximately 12 GPa 
which is just below the rule-of-mixtures value of 14 GPa calculated from pure W and Al 
layers. The samples with nominal periods of 20 nm, 10 nm and 5 nm do, however, exhibit 
indentation values greater than pure W. 
 
 
 
Figure 6.11: Hardness-penetration depth data for the Al/W pulsed cathodic arc deposited 
samples using a floating substrate potential. 
 
For a clearer representation of the influence of bilayer thickness on the indentation hardness, 
the hardness and elastic modulus values for a penetration depth of 15% have been plotted as a 
function of period in Figure 6.12(a). The arc deposited samples show a contrasting behaviour 
to those deposited by sputtering as seen in chapter 5. A peak occurs in both indentation 
hardness and modulus at a nominal multilayer thickness of 10 nm. The hardness value of the 
sample A10 is the highest at approximately 25 GPa, substantially higher than either of the two 
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constituent materials. The elastic modulus values reached a peak of approximately 270 GPa 
for the sample with a period of 5 nm, again showing values higher than either Al or W. The 
hardness for the samples of finest nominal period is lower than the maximum, consistent with 
the formation of soft intermetallics observed in Figure 6.12 [9]. 
 
 
Figure 6.12: Hardness, elastic modulus and stress values for the Al/W pulsed cathodic arc 
deposited samples using a floating substrate potential. 
 
The intrinsic stress determined using substrate curvature is shown in Figure 6.12(b) for the 
arc deposited samples. There is a strong positive correlation between stress and both hardness 
(a) 
(b) 
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and modulus. Intrinsic stress is generated in thin films deposited using energetic 
bombardment as a result of the effects of the impacts [8,10]. The stress will increase to a 
value limited by the yield strength of the film material. Therefore the maximum in stress is 
expected to occur at the maximum in the hardness since both depend on the yield strength of 
the material.  
 
The arc samples prepared in a vacuum show a strong peak in hardness and modulus at an 
intended period of approximately 5-10 nm. The explanation for this peak does not lie in the 
multilayer effect reported in the literature, since these coatings do not show a layered 
structure. In order to investigate this phenomenon further, samples A50 and A5 were 
examined using dark field microscopy. These images, shown in Figure 6.13, have bright 
regions which identify the areas of the specimen that diffract strongly into an aperture 
receiving the W{110} reflections. The large bright region in sample A50 (labeled “A” in 
Figure 6.13(a)) identifies a crystal of W in the first W layer. An extension of this region 
(labeled “B” in Figure 6.13(a)) is a defective crystal in a similar orientation. Defects are 
revealed by the mottled appearance of region “B”. The boundary between regions “A” and 
“B” corresponds to the point where the deposition of an Al layer was attempted. This 
indicates that although there is no Al layer deposited, defects were introduced into 
subsequent W layers. As the frequency of attempted Al deposition increases, a greater defect 
density will be induced as shown in Figure 6.13(b). In this figure, visible lines are evident in 
the dark field image even though Al is not present. It is proposed that the maximum in 
hardness in Figure 6.12 is the result of an increasing defect density which causes hardening 
through the pinning of dislocations.   
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Figure 6.13: Dark Field images taken from the W{110} reflection for the Al/W samples with 
a period of (a) 50 nm and (b) 5 nm. 
 
The effect of the crystal size in a polycrystalline material on the yield stress, and therefore the 
hardness, has been quantified in the Hall-Petch relation. This relationship relates the yield 
stress (σy) of polycrystalline materials with their grain diameter (d) according to equation 2.4 
in section 2.2.2.1. The Hall-Petch theory can be applied to the case of multilayers if the 
interfaces are assumed to behave as obstacles for dislocations so that pile-ups occur. A 
modified Hall-Petch equation for hardness enhancements in multilayer coatings can be written 
according to equation 2.5. This relation can be applied to a single W layer deposited with 
interruptions corresponding to attempted deposition of Al layers if it is assumed that the 
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interruptions result in the introduction of defects and a corresponding reduction in the 
effective crystal size. Figure 6.13(b) provides evidence for this.   
 
Figure 6.14 shows the measured indentation hardness plotted as a function of the square root 
of the inverse nominal period as defined by the Hall-Petch equation. The linear relation shown 
in the figure for layer thicknesses from 10 to 200 nm, confirms that the Hall-Petch relation 
holds for this set of samples. For the case of the samples deposited at finer periods the model 
breaks down as this point coincides with the decrease in hardness.  
 
 
 
Figure 6.14: Hardness as a function of Λ
-0.5
 for the arc deposited Al/W multilayer samples 
with periods ranging from 10 to 200 nm. 
 
 
6.5 –Conclusion 
 
Under vacuum conditions, cathodic arc deposition did not produce a multilayer structure 
which appears to be due to the difficulty of growing Al layers on W surfaces. A trend of 
increasing hardness and modulus was observed as the number of interruptions due to 
attempted Al layer deposition increased. The behaviour was explained by a Hall-Petch model 
in which an increase in the density of defects in the W component of the structure was caused 
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by the interruptions during the attempted depositions of Al. These defects produce pinning 
sites for dislocations, resulting in an increase in hardness. The trend of enhanced hardness is 
halted at fine periods where intermit mixing of W and Al ions results in the formation of soft 
intermetallics. The data presented suggests that defect density has a significant effect on the 
hardness of a multilayer system, and not the presence of interfaces per se.  
 
The films prepared using arc deposition in a vacuum, are not true multilayer structures. In 
every case, Al was present in distinct layers only in the initial stages of the deposition. The 
majority of the coating consists of W, except when an intermetallic compound is formed when 
the layers are very thin and the deposition is essentially a co-deposition process. The reason 
that an Al film does not nucleate on a W surface when the deposition is energetic as in the 
cathodic arc, as opposed to non-energetic in the case of sputtering, has its origins in the 
mechanics of the film growth process. These processes will be discussed in the following 
chapter. 
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Chapter 7: 
 
 
 
Conditions for 
Aluminium/Tungsten 
Multilayer Formation in the 
Cathodic Arc 
 
 
This chapter explores the possible mechanisms for why Al layers 
are difficult to form on a W surface in cathodic arc deposition. 
Density functional theory (DFT) calculations were used to explore 
the energetics of adsorption of atomic Al onto a W(110) surface at 
different coverages and at different sites. Binding energies and 
surface geometries were determined. This information was used to 
determine if Al bonding onto a W surface is particularly weak. 
 
Also explored in this chapter are the consequences of using 
energetic ions in cathodic arc deposition in the Al/W system. 
Substrate biasing was used in an attempt to change the energies of 
the ions used to grow Al layers on W. In addition, the introduction of 
a background gas of Ar into the chamber during deposition of the Al 
layers was used to vary the incident energy as a result of collisions 
in the gas phase. The last section looks at the influence of creating 
an intermediate layer such as an oxide between the W and Al on film 
growth. Finally, the findings of this chapter are used to help explain 
the results in chapter 6 where the deposition of Al layers onto a W 
surface using the cathodic arc proved problematic.  
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7.0 – Introduction 
 
The Al/W nanostructured multilayers produced using pulsed cathodic arc in a vacuum showed 
a significant Al deficiency. In every case, Al was present in distinct layers only in the initial 
stages of the deposition. The majority of the coatings consisted of W, except when an 
intermetallic compound was formed and the deposition was essentially a co-deposition 
process. Numerous possible mechanisms to explain these results exist including the effect of 
backscattering and sputtering, however, as a first step in helping to resolve this phenomenon, 
the energetics of Al bonding on a W surface is investigated using ab initio calculations. 
 
 
7.1 – Theoretical Analysis of W-Al Interfaces 
 
Binding energies and adsorption geometries may prove to be useful in understanding the 
conditions that lead to the formation of multilayer films of Al and W. Adsorption of atomic Al 
at different coverages on the most probable W surface (110) were examined using density 
functional theory (DFT). Al was absorbed at various locations on this surface including the 4-
fold hollow, 3-fold hollow, bridge and atop sites at coverages of ¼ and 1 monolayer 
coverages. The binding energies and surface geometries were examined.  
 
7.1.1 – Theoretical Methods 
 
Computational Details 
The calculations were performed using the plane wave pseudopotential Vienna ab initio 
Simulation Package (VASP) [1,2]. VASP performs fully self-consistent DFT calculations to 
solve the Kohn-Sham equations [3]. The generalized gradient approximation (GGA), using 
the functional of Perdew and Wang (PW91) [4] was employed. The plane wave cutoff energy 
was 313 eV. Vanderbilt ultrasoft pseudopotentials as supplied with the VASP package were 
used [5]. K-space sampling was performed using the scheme of Monkhorst and Pack [6], with 
a mesh of 15x15x1. The isolated Al atom was modeled in a 12 x 12 x 12 Å cell, with a cutoff 
energy equal to 313 eV.    
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Surface Models 
The W surfaces were modeled using the supercell approach, where periodic boundary 
conditions are applied to the central supercell so that it is reproduced periodically throughout 
space. Surfaces were cleaved from a crystal structure of (bcc) W, corresponding to the (110) 
Miller plane. A lattice constant of 3.173 Å was used, as this is the lattice constant obtained by 
bulk cell optimization using the same computational parameters. A [2x2] cell was used, 
comprising 10 W layers, with the Al atoms being placed on one side of the surface slab only. 
For ¼ ML coverage, 1 Al atom was adsorbed on the surface, while for 1 ML coverage, 4 Al 
atoms were adsorbed, as shown in Figure 7.1. The surface was produced by replication of the 
central supercell in the x, y directions. A vacuum spacer of ~10 Å was inserted in the z 
direction. Calculations were performed allowing the Al and top 8 W layers to relax while 
keeping the bottom 2 W layers fixed at the bulk geometry.  
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Figure 7.1: (a) Top view of the W(110) surface showing the different surface arrangements. 
Al was adsorbed in atop, bridge, 4-fold hollow and 3-fold hollow sites; (b) side view of the 
relaxed ¼ and 1 ML coverage surface models for atop adsorption site. 
(a) top view 
(b) side view 
¼ ML           1 ML 
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For each coverage and adsorption site, the Al binding energy (BE) was calculated as 
 
nEnEEBE slabAlnAlslab /][ −−= +        (7.1) 
 
where Eslab+nAl is the total energy of the relaxed Al/W(110) system with n = 1 or 4 adsorbed 
Al atoms depending on the coverage, Eslab is the total energy of the relaxed clean W(110) slab 
and EAl is the total energy of an isolated Al atom. Hence, a more negative binding energy 
indicates a more favourable structure. To determine the type of stationary point found by the 
geometry optimization, vibrational frequency calculations were performed by diagonalizing a 
finite difference construction of the Hessian matrix with displacements of 0.015 Å allowing 
only the Al atoms to move.  
 
7.1.2 – Results 
 
Binding Energy Measurements 
The calculated binding energies for the Al adsorbed in atop, bridge, 4-fold hollow and 3-fold 
hollow sites for the ¼ ML and 1 ML coverage are shown in Table 7.1. All but the 3-fold 
hollow site for the ¼ ML coverage are considered stationary points on the potential energy 
surface with the classifications of these points included in Table 7.1. For the case of the 3-fold 
hollow site, the Al atom moved into the 4-fold hollow site during geometry optimization. For 
the ¼ ML coverage, the 4-fold hollow is a minimum, however for the 1ML coverage only the 
3-fold hollow site is considered minima while the 4-fold hollow site is a transition state. The 
bridge site is a transition state for the ¼ ML coverage and a higher order stationary point for 
the 1 ML coverage. For both coverages the atop site is a higher order stationary point. 
 
The binding energies indicate that Al is most stable in the 4-fold hollow site, followed by the 
bridge and atop for the ¼ ML coverage. This site is also the only minimum for this 
arrangement, with the bridge and atop being transition and higher order saddle points 
respectively. At monolayer coverage, 4-fold and 3-fold hollow sites were favoured, which 
correspond to the transition state and minimum respectively. The binding energy for the 
bridge site has a difference of only 3.6% of that of the 3-fold hollow site. The atop site proves 
to be less favoured for the 1 ML coverage as seen in the case of the ¼ ML coverage. 
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For all adsorption sites the Al is more stable on the surface at the highest coverage. The 
binding energy values indicate the presence of chemisorption, with values only slightly lower 
than seen for the calculations of a S/Fe(110) system performed by Spencer et al. [7,8].  
 
Coverage      Site  Type      BE (eV) d(Al-W) (Å) d┴(Al-W1)(Å) Mag of Relaxation (Å)  
    of SP       δz1 δz2 δz3
  
¼ ML             atop  hos -3.09  2.54  2.50  -0.46 -0.55 -0.54 
           -0.50 -0.54  
       bridge 1 -3.57  2.60  2.17  -0.83 -0.88 -0.87 
           -0.82 
       4-f hollow  0 -4.08  2.582  1.93  -1.01 -1.09 -1.08 
           -1.07 -1.08 -1.09 
     
1 ML      atop  hos -3.73  2.707  2.71  -0.29 -0.31 -0.32 
       bridge hos -4.21  2.747  2.38  -0.62 -0.64 -0.64 
       4-f hollow 1 -4.33  2.730  2.22  -0.78 -0.80 -0.81 
       3-f hollow 0 -4.37  2.797  2.24  -0.77 -0.78 -0.78 
 
       
Table 7.1: Calculated properties of the different Al/W(110) systems including binding energy 
(BE), type of stationary point (SP): 0 = minimum, 1 = transition state, hos = higher order 
saddle point, d(Al-W): shortest Al-W distance, d┴(Al-W1): perpendicular height of Al above 
W and magnitude of Al surface relaxation for the top 3 layers. 
 
Surface Geometry: Adsorbate-Induced Relaxation and Reconstruction 
The adsorbed Al caused relaxation of the W(110) surface atoms at different coverages and 
adsorption sites. For some sites and coverages, the W layers were also found to undergo 
minor adsorbate-induced surface reconstructions, showing movements in the x-y plane as 
shown in figure 2.2 in section 2.1.1.  
 
Al is found to cause a relaxation of the W surface atoms. The size and direction of the top 
three W layer relaxations were calculated with respect to their position in the bulk cleaved 
surface and presented in Table 7.1. The negative values for all coverages and adsorption sites 
indicate a contraction of the layer towards the bulk. These negative relaxations may reflect a 
weak interaction of the Al atoms with the surface.  
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At ¼ ML coverage, adsorbate-induced reconstruction does not occur for the atop site, 
however minor reconstructions of up to 0.06 Å are observed for the bridge and 4-fold hollow 
site. These reconstructions undergo surface buckling in the first 2 layers for the bridge site, 
and only the first layer for the 4-fold hollow site. At 1 ML coverage, there is no Al-induced W 
reconstruction. Considering there is one Al atom for every W atom, lateral movement of the 
W atoms would lower the site symmetry.   
 
The shortest adsorbate-substrate distance (d(Al-W)) and the height of the adsorbate atom 
above the surface (d┴(Al-W1)) were calculated for each site and coverage and presented in 
Table 7.1. The height of the Al atom above the W surface was shown to be smaller for larger 
binding energy values. This can be seen in the stable ¼ ML 4-fold hollow site which has the 
shortest distance of 1.93 Å. The shortest adsorbate-substrate distances show that when the Al 
atoms are closer together, they sit higher above the W surface.  
 
7.1.3 – Summary 
 
These DFT calculations show the binding energies and surface geometries of Al adsorption at 
different coverages and at different sites. Al is found to be most stable at the 4-fold hollow 
site at all coverages examined. The binding energy increased marginally with an increased 
surface coverage. Minor adsorbate-induced reconstructions are observed for the ¼ ML 
coverage only, at the bridge and 4-fold hollow sites. At monolayer coverage, no 
reconstructions were observed. Surface relaxation was also observed to occur for all 
coverages and adsorption sites. Binding energy calculations showed no unusually low values 
which would indicate a low sticking probability of Al onto W. The change in surface 
geometry also does not indicate any unusual behaviour.  
 
 
7.2 – Effects of Energetics Ions on Al/W Multilayer 
Formation 
 
The successful formation of Al/W multilayer coatings depends on the method used to deposit 
the samples. The differences between the two techniques used in this thesis are significant. 
Cathodic arc deposited films are formed from energetic ions, while sputtered films are 
deposited primarily from low energy neutrals [9]. The incident energy of the depositing 
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particles is known to have an important influence on the stress generated within the films and 
on the microstructure [10,11]. Possible impacts of using energetic ions include: 
 
1. Backscattering of the Al ions against the W surface which has a relatively high atomic 
weight and hardness. 
2. Etching of the Al coating due to the incident W ions which have large incident energy, 
mass and charge state, or self-sputtering of the Al coating by Al ions. 
 
To explore these ideas further, a number of experiments were performed in order to determine 
their likely effect on Al/W multilayer formation.  
 
7.2.1 – Preliminary Investigations 
 
The reason that an Al film does not nucleate on a W surface when the deposition is energetic 
as in the cathodic arc, as opposed to non-energetic in the case of sputtering, probably has its 
origins in the mechanics of the film growth process. The energy of Al and W ions in the 
cathodic arc have a most probable energy of approximately 50 eV and 130 eV, respectively 
[12]. SRIM [13] calculations were performed for this system to provide some insight into the 
interaction mechanisms. These calculations show that backscatter of 50 eV Al ions incident 
on a W target is 35%. Backscatter of 130 eV W ions incident on an Al target is 0%. These 
results indicate that backscattering may be a contributing factor in the inability to form Al 
layers on W surfaces using cathodic arc deposition.  
 
 
 
 
                              Chapter 7: Conditions for Aluminium/Tungsten Multilayer Formation in the Cathodic Arc 
 
108 
 
  
Figure 7.2: SRIM implantation data for (a) 50 eV Al ions into a W surface, and (b) 130 eV W 
ions into an Al surface. 
 
To examine the effect of sputtering, a bilayer sample was created and the layer order was 
alternated so that W was deposited onto the Si substrate first, followed by an Al layer. In-situ 
ellipsometry was employed as a sensitive measure of whether an Al layer was forming on the 
W surface. After several attempts, there was no evidence that this was occurring. This 
experiment verified that sputtering of the Al coating due to the incident W ions was not 
responsible for the lack of Al. The thickness of a layer depends on the balance between 
deposition and etching by self-sputtering. Self-sputtering may be partially responsible for the 
Al deficiency, however as the initial layer of Al is observed in all cases, we can eliminate 
sputtering as the primary mechanism for the lack of Al in the samples. 
 
7.2.2 – Biasing during Pulsed Cathodic Arc Deposition 
 
The limited success of using a floating substrate bias to produce Al layers on a W surface 
prompted further investigations using bias to alter the average energy of the depositing 
species. In-situ ellipsometry was used to determine whether Al layers were forming. Five 
substrate biases with varying values ranging from -100 V to +60 V were investigated. To 
assist in the ellipsometric analysis, 500 nm SiO2 on Si substrates were used. In order to 
effectively bias the substrate surface, an initial layer of W was deposited and then bias was 
applied to this layer using a Cu locking screw. 
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The ellipsometry results showed no sign of Al deposition for any of the bias conditions. After 
removing the substrates from the chamber, the samples showed signs of deposition of an 
unknown material around the locking screw. The ellipsometry did not pick up any variation in 
the surface properties as the laser only makes contact and compiles data from an approximate 
3 mm
2
 section in the centre of the substrate.  
 
AES depth profiles were performed on the sample to determine the deposited material in both 
the section surrounding the locking screw “A” and the remainder of the sample “B”. The 
profile from region “B” contains a surface W layer on a SiO2 matrix as observed in the depth 
profile on the right hand side of figure 7.3. Due to the thin nature of the W layer it does not 
optically behave like a metal and appears transparent. The blue colour is a result of the 
substrate, which is a Si wafer with a 500 nm SiO2 layer. This result confirmed the 
ellipsometry measurements that Al was not deposited in this area of the sample. A profile was 
also collated from region “A” which represents the region around the locking screw (left hand 
side of figure 7.3). The profile shows that Al was deposited in this region. In addition, Cu is 
present at the W/Al interface (within the oval). The presence of a Cu layer on top of the W 
appears to have changed the mechanics of the deposition and allowed Al to stick on the 
surface. The origin of the Cu can be attributed to sputtering from the screw. Relatively large 
quantities of O are also present, however, are most likely a consequence of film oxidation 
occurring after deposition.  
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Figure 7.3: Optical image of sample B1 post deposition, with the corresponding AES depth 
profiles from the region around the locking screw “A” (left profile) and from the bulk of the 
sample “B” (right profile). 
 
Note that the ellipsometry measurements were performed in area “B”. The oval on the right 
profile indicates the position of the Al/W interface which contains Cu. 
 
Changing the energy of the depositing species by biasing the substrate appeared to have had 
no significant effect on getting Al to form on W surfaces. One possible explanation for this 
result is that the initial W was not effectively biased by the Cu screw. This would result in no 
net change in Al ion energies. The fact that Al could be formed on a Cu interlayer on the W 
surface is an interesting result that suggests that if the W surface can be modified, Al 
deposition is possible in the cathodic arc. 
 
7.2.3 – Biasing during DC Cathodic Arc Deposition 
 
W/Al bilayers were deposited using a DC filtered cathodic vacuum arc deposition system 
using a range of biases. This system differs from the pulsed system used in chapter 6 in that 
A B
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the current supplied to the cathodes is significantly lower, varying the charge state of the ions 
and the plasma density. The system design also differs, providing a varied degree of control 
over the plasma transport properties. These samples were deposited to determine whether the 
failure to produce Al/W multilayers was an effect of the energetic ions associated with all 
cathodic arc deposition systems, or a result of the plasma properties associated with the 
particular pulsed system used.   
 
7.2.3.1 – Experimental Deposition Conditions 
 
A continuous power supply was used to provide a current of approximately 110 A to the Al 
cathode, and 220 A to the W cathode. A residual pumping pressure of 3x10
-6
 Torr was 
achieved. For Al deposition, plasma was produced and sustained without the presence of a 
background gas. An anode current of 1.3 A was applied to control the spread of the beam, and 
a current of 12.5 A was applied to the macroparticle filter. For W deposition, an Ar flow of 50 
mL/min was required to maintain a stable plasma producing a pressure in the chamber of 
5x10
-4
 Torr. To achieve an optimal plasma profile for W, an anode current of 0.8 A was 
applied and the macroparticle filter current remained unchanged. The Si substrates were 
initially plasma cleaned for 10 minutes using an Ar gas flow of 100 ml/min with a partially 
open gate valve between the turbo pump and the chamber, resulting in a pressure of 6x10
-3
 
Torr. A voltage of approximately 950 V was applied to the substrate holder drawing a current 
of 4 mA. After initial cleaning, the arc ran for 1 minute intervals, with a 3 minute pause in 
between to reduce the temperature in the filter. A total deposition time of 7 minutes was used 
for W to produce an approximate 11 nm layer. The system used had only a single cathode 
mount which required the chamber to be vented while the cathode was changed from W to Al. 
Al layers were deposited at a floating substrate potential, earthed substrate potential and a 
range of substrate biases including -50 V, -70 V and -100 V.   
 
7.2.3.2 – Characterisation of the W/Al Bilayer Coatings 
 
AES depth profiles were used to determine whether the Al ions would deposit onto the W 
layer. Figure 7.4 shows the results obtained for the floating and earthed substrate potential. 
Both samples show that the Al deposited successfully, however a relatively large 
concentration of O appears at both the W-Al interface and the Si-W interface. Similar results 
were obtained for all samples deposited using the DC cathodic arc. This oxide layer is 
probably formed during chamber venting to change the sources from W to Al. 
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Figure 7.4: Auger electron spectroscopy depth profiles of the DC cathodic arc deposited 
W/Al bilayers with a (a) floating substrate potential and an (b) earthed substrate potential. The 
Al KL1, O KL1, Si KL1 and W MN3 relative atomic percentages are shown. 
 
These results confirm that a large concentration of O at the W-Al interface produces 
conditions which are more favourable for Al growth. When O is present on the W surface, 
stronger chemical bonding will further reduce the probability of Al being removed. The layer 
thickness depends on the balance between deposition and backscattering. The presence of O 
promotes deposition and would reduce backscattering by lowering the average atomic number 
of the surface.  
 
7.2.4 – Summary 
 
The role that ion energetics play in film formation was investigated using several techniques. 
Initial deposition of a W/Al bilayer was undertaken to rule out sputtering as the major factor 
limiting the success of Al/W multilayer formation in a cathodic arc. SRIM calculations 
revealed high backscattered yields for Al deposition onto W surfaces and this may explain the 
difficulty of forming Al/W multilayers in the cathodic arc. Attempts were made to reduce the 
backscatter rates by applying a bias to the substrate during deposition. Biased substrate effects 
where investigated in the pulsed and a continuous cathodic arc. The pulsed cathodic arc 
continued to show an Al deficiency for substrate biases ranging from -100 V to 60 V. 
However, there are some doubts as to the effectiveness of biasing due to the use of insulating 
substrates. Cu sputtering from the locking screw used to attach the substrate to the holder 
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showed that an intermediate material allowed successful Al deposition. Deposition within the 
continuous arc produced W/Al bilayers, however large concentrations of O present at the W-
Al interface. Both these results suggest that variations to the W surface properties prior to the 
Al deposition encourage successful deposition.  
 
 
7.3 – Deposition in an Ar Background Gas 
 
The success of Al/W multilayer formation in magnetron sputtering but not in pulsed cathodic 
arc indicates that variations between these two techniques are responsible for growth 
mechanisms exhibited. Two of the most significant differences are the presence of an Ar 
background gas during deposition, and the difference in the energy of the deposited ions. 
When another atomic species is present in the chamber, the incident energy of the Al ions will 
be reduced due to collisions in the gas phase, resulting in reduced backscatter and self-
sputtering. Gas phase collisions, as seen in previous work [14,15], can result in a decrease in 
the ion energy and changes in charge states. This relationship is primarily a result of kinetic 
energy losses arising from collisions of ions with neutral background gas molecules. The 
presence of Ar adsorbed onto the W surface may also be important in promoting film growth. 
A collision between an incident Al ion and a stationary Ar atom is likely to result in a 
reduction in the backscattering of the Al because of the better match between masses.  
 
7.3.1 – Experimental Deposition Conditions 
 
A number of samples were prepared in the pulsed cathodic arc in the presence of an Ar 
background gas. The cathodes volts, duct bias, duct volts and pulse lengths remained 
unchanged, to minimise any variation to the deposition rates of the Al and W ions. Si/SiO2 
substrates were used to assist the ellipsometric analysis. The samples were deposited onto a 
substrate with a floating potential. An average residual chamber pressure of 3x10
-6
 Torr was 
achieved. After the deposition of each W layer, Ar gas was admitted into the chamber at a 
flow rate which produced a chamber pressure of approximately 1x10
-3
 Torr. The Al cathode 
was then pulsed 500 times to initiate Al deposition onto the W surface as confirmed by 
ellipsometry. The Ar flow was turned off for the remainder of the Al layer. The ellipsometry 
data showed that 500 pulses were adequate to form an initial atomic layer enabling further Al 
ions to bond.  
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7.3.2 – Characterisation of the Al/W Multilayer Coatings 
 
The film stoichiometry was determined using AES depth profiles. Samples with periods of 25 
nm and 12 nm are shown in Figure 7.5.  
 
 
 
Figure 7.5: AES depth profiles of the pulsed cathodic arc deposited Al/W multilayers with a 
period of approximately (a) 25 nm and (b) 12 nm. The Al KL1, O KL1, Si KL1 and W MN3 
relative atomic percentages are shown. 
 
In contrast to the samples deposited in vacuum in chapter 6, the AES results show that the 
presence of Ar encourages the formation of multilayers.  Some O2 impurities were observed 
near the surface of the coating, which was most likely absorbed on the surface when the 
samples were removed from the vacuum. Whether the Ar minimised the incident ion energy is 
not clear as no direct method of monitoring the plasma properties was available. It has been 
observed in other systems [14-20] that the presence of a gas can reduce the ion energy and 
charge state. This may have encouraged the Al ions to stick to the W surfaces.   
 
XTEM was also performed to observe the microstructure of the Al/W nanostructured 
multilayers. XTEM images taken from the sample with a period of 25 nm are shown in Figure 
7.6. Large crystallites in the DF image taken from the inner ring of the diffraction pattern can 
be seen. Due to the similarity in d spacings for {110}W (i.e. 2.238 Å) and {111}Al (i.e. 2.338 
Å), the DF image shows reflections from both materials which have those specific 
orientations. This sample contains a definite layered structure with alternating Al and W. The 
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interfaces appear relatively sharp, however there appears to be less Al than expected. Each 
individual layer should be approximately equal in thickness, however a possible consequence 
of sputtering due to the presence of Ar and inaccuracies in the deposition rate has resulted in 
the Al layers being thinner than intended. A similar result can be seen for the sample 
deposited with a period of 12 nm. Again a well modulated structure is observed with sharp 
interfaces. The DF image shows large crystallites which have formed in the W layers.  
 
 
 
 
                              Chapter 7: Conditions for Aluminium/Tungsten Multilayer Formation in the Cathodic Arc 
 
116 
 
 
Figure 7.6: (a) Bright field (BF) image, (b) dark field (DF) image taken using the W{110} 
reflection from the accompanying diffraction pattern and (c) HRTEM image of the Al/W 
multilayer with a period of 25 nm deposited in an Ar background gas. 
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Figure 7.7: (a) Bright field (BF) image, (b) dark field (DF) image taken using the W{110} 
reflection and (c) HRTEM image of the Al/W multilayer with a period of 12 nm deposited in 
an Ar background gas. 
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Indentation hardness and modulus measurements performed on these two samples showed no 
sign of enhancement. The sample with a period of 25 nm showed a hardness value of ~7 GPa 
and a modulus value of ~125 GPa, while the sample with a period of 12 nm had a hardness 
value of ~9 GPa and a modulus value of ~132 GPa. These values are considerably lower than 
the cathodic arc samples, and are similar to the sputtered samples presented in the previous 
two chapters.  
 
7.3.3 – Summary 
 
The effect of introducing an Ar background gas on the formation of Al on W surfaces in the 
cathodic arc was investigated. It was found that the Ar enabled multilayer structures to be 
synthesized by changing the growth conditions for Al at the W surface. However, these 
successfully formed Al/W multilayers showed no sign of enhanced mechanical properties. 
 
 
7.4 – Modifying the W Surface with an Oxide Layer 
 
Section 7.2 showed that modifying the properties of a W surface can encourage Al layering in 
the cathodic arc. In particular, the presence of O at the W/Al interfaces appears to encourage 
layering. To determine the effectiveness of an oxide layer on a W surface at modifying the 
surface properties and encourage film growth, a series of samples were created using the 
pulsed cathodic arc by intentionally venting the chamber with O2 gas prior to the deposition of 
each Al layer. 
 
7.4.1 – Experimental Deposition Conditions 
 
Using the same conditions as used for previous depositions of Al and W, but venting the 
chamber with high purity O after each W layer, an intentionally introduced oxide layer was 
encouraged to form. O2 gas was admitted to chamber after the deposition of each W layer to 
bring the chamber to atmospheric pressure over a period of 5 minutes. The chamber was then 
pumped down again to a base pressure of 10
-6
 Torr before the deposition of the Al layer was 
commenced. Two samples approximately 150 nm thick were produced at periods of 100 and 
20 nm. 
                              Chapter 7: Conditions for Aluminium/Tungsten Multilayer Formation in the Cathodic Arc 
 
119 
 
7.4.2 – Characterisation of the Al/W/WOx Multilayer Coatings 
 
AES depth profiles were performed on the two samples and are shown in Figure 7.8. A 
definite layered structure with a significant concentration of O at the W interface and in the Al 
layers is observed for both samples.  
 
 
 
Figure 7.8: AES depth profiles of the pulsed cathodic arc deposited Al/W/W-O multilayers 
with a period of approximately (a) 100 nm and (b) 20 nm. The Al KL1, O KL1, Si KL1 and 
W MN3 relative atomic percentages are shown. 
 
XTEM images and EDS (energy dispersive spectroscopy) linescans were taken from the 
sample with an intended period of 20 nm on a JEOL 2100F TEM at the JEOL Demonstration 
Laboratories in Akishima Tokyo. Clearly the presence of O2 at the changeover from W to Al 
deposition increases the likelihood that an Al or AlOx layer will form. The EDS linescan 
shows that during Al deposition sufficient O2 is present to form an oxide that is close in 
stoichiometry to Al2O3.   The DF image shows a graded region on the surface of the W layers 
indicating varied microstructure and density. This surface layer also contains a high 
concentration of O indicating that the O2 gas has oxidised the W surfaces to form WOx prior 
to the deposition of the AlOx layers. 
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Figure 7.9: DF image of the AlOx/W/WOx sample with a period of 20 nm and the EDS 
linescan showing the relative atomic percentages of Al, W, Si and O. 
 
Additional XTEM images were taken of this sample and are shown below in Figure 7.10. It is 
evident from the BF images that a graded region is clearly present within the W layer. The 
WOx/AlOx interfaces appear relatively sharp. The individual layers should be equal in 
thickness however errors in the deposition rate may have occurred due to the presence of WOx 
and AlOx layers. 
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Figure 7.10: (a) BF image and (b) HRTEM image of the Al/W/W-O sample with a period of 
20 nm. 
 
Nanoindentation testing showed no enhancement of hardness or modulus for these samples. 
The hardness and modulus values for the Λ=100 nm and Λ=20 nm samples were ~15 GPa and 
~232 GPa, and ~9 GPa and ~166 GPa, respectively. These values are significantly higher than 
the samples from the previous section in which Ar was bled into the chamber during 
deposition, however this is a likely result of Al2O3 layers which are considerably harder than 
the Al layers present in section 7.4. 
 
7.4.3 – Summary 
  
The introduction of oxygen following the deposition of W layers was shown to result in the 
formation of Al2O3/WOx/W multilayers. O present on the W surface results in stronger 
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chemical bonding and reduces the probability of Al ions backscattering and so layers are 
formed. These results show that periodic multilayer structures of Al2O3 with constant layer 
thicknesses can be grown in the cathodic arc. 
 
 
7.5 – Origin of the Partial Layering Observed in the 
Cathodic Arc Deposited Al/W Coatings Prepared in a 
Vacuum 
 
Further analysis of samples deposited using cathodic arc under vacuum conditions was 
performed to determine the origin of any layers present. Figure 7.11 shows a BF STEM image 
and EDS linescan for the Al/W sample with a nominal period of 5 nm (see Figure 6.8). The 
EDS linescan provides the relative atomic percentage for Al, W, Si and O. It is clear that 
progressively thinner AlOx containing layers are formed on the W surfaces until any O in the 
vacuum system is depleted by gettering. Evidence of O removal during deposition is also 
indicated by the reduction in chamber pressure during deposition. This decreases by up to half 
an order of magnitude between the deposition of the first and last layers.  
 
                              Chapter 7: Conditions for Aluminium/Tungsten Multilayer Formation in the Cathodic Arc 
 
123 
 
 
Figure 7.11: BF STEM image of the Al/W sample with a nominal period of 5 nm and the 
EDS linescan showing the relative atomic percentages of Al, W, Si and O. This analysis was 
performed using a JEM-2100F TEM with a Tridiem GIF, located at JEOL Demonstration 
Laboratories in Akishima, Tokyo. 
 
Figure 7.12 shows a close up of the initial Al rich layer from the sample prepared with an 
intended period of 50 nm (see Figure 6.5). Al2O3 is known to have an amorphous structure 
while Al tends to form crystallites. The XTEM image shows a transition from what appears to 
be an amorphous layer near the Si substrate (labelled “B”), to a region filled with crystallites 
(labelled “A”). EELS was used to measure the Al L-edges from regions “A” and “B” and are 
shown in Figure 7.13. The fine structure on the edges can be used to distinguish between Al 
metal and Al2O3. It is clear that the amorphous looking region “B” in Figure 7.12 is more like 
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Al2O3 than the crystalline region “A”. This result confirms the proposition that residual O in 
the deposition chamber results in the initial Al layers forming as AlOx due to gettering. When 
the O levels are exhausted, Al starts to form on the AlOx. 
  
 
 
Figure 7.12: XTEM image of the Al/W sample with a period of 50 nm. The region denoted 
by “A” suggests a crystalline structure, while region “B” appears amorphous. 
 
 
 
Figure 7.13: EELS spectra from region “A” and region “B” from the XTEM image in Figure 
7.12. The Al2O3 feature at ~75 eV is more prominent in the spectrum from region “B”. 
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7.5.1 – Summary 
 
The partial layering observed in the cathodic arc deposited samples prepared in a vacuum was 
found to be the result of residual O in the deposition chamber. The thickness of these layers 
will depend on the balance between deposition and etching by self sputtering. The presence of 
O promotes deposition over etching and as oxygen is depleted, the balance shifts towards 
etching. This was observed in the case of samples A5 and A10 in which progressively thinner 
Al containing layers are formed as O is depleted by gettering.  
 
 
7.6 –Conclusions 
 
The binding energies and surface geometries of adsorbed Al atoms onto W(110) surfaces was 
determined using DFT calculations. Binding energy calculations showed no unusually low 
values which would indicate a low sticking probability or Al onto W. Surface geometry 
measurements show that the W surface undergoes relaxation, and minimal reconstruction. The 
change in surface geometry does not indicate any unusual behaviour. Therefore on bonding 
energetics alone, Al layers should form readily on W surfaces. 
 
SRIM calculations revealed that the backscattering yield of Al ions from W surfaces is high 
when considering the incident ion energies expected in the cathodic arc operating under 
vacuum conditions. Attempts to alter the incident ion energy by using substrate bias failed to 
increase the probability of forming Al/W bilayers. However, it was shown that the presence of 
an interface rich in either Cu or O encourages Al layering.  
 
Adding Ar or O2 during the growth process enabled multilayer structures to be synthesized in 
the cathodic arc by changing the growth conditions. The introduction of a background gas has 
multiple effects on the deposition process. The presence of a gas adsorbed onto the W surface 
may play an important role in promoting film growth. Due to the better match between 
masses, Al ions are less likely to backscatter from a W/Ar surface. A second possibility is that 
the introduction of a gas within the chamber will result in collisions in the gas phase reducing 
the energy of the depositing Al ions thereby reducing any backscatter.  
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EDS analysis of the initial Al layers in the pulsed arc deposited samples prepared in a vacuum 
showed the presence of O. These AlOx layers progressively get thinner until O is depleted 
from the chamber vacuum due to gettering. These results indicate that depositing Al onto a 
pure W surface using energetic condensation methods is difficult due to backscattering.  
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Chapter 8: 
 
 
 
Conclusion and 
Recommendations for 
Further Work 
 
 
8.0 – Conclusion of the Thesis 
 
The use of alternating materials in a nanostructured multilayer coating has shown huge 
promise in delivering enhanced mechanical properties compared to either of the constituent 
materials. This potential to produce superior coatings is highly desirable for a large range of 
potential industrial applications. The exact mechanism relating the multilayer coating 
microstructure to its mechanical properties is still unknown, with enhancements not observed 
for all combinations of materials. Understanding the fundamental aspects of film growth 
mechanisms is crucial in gaining a clearer perspective of the probable causes of such 
enhancements. 
 
This thesis explored the formation of nanostructured Al/W and AlOx/W multilayers using two 
different techniques for deposition, namely sputtering and cathodic arc. These techniques 
produce very different outcomes in both microstructure and mechanical properties. Variations 
to the deposition conditions of the cathodic arc were also investigated, using substrate bias 
and the introduction of background gasses. The microstructure was analysed using a range of 
characterisation techniques to help explain the film growth mechanisms, and to draw a 
relationship between film formation and mechanical properties.  
 
Preliminary investigations into possible techniques for determining film thickness and 
continuity were examined. In-situ resistivity measurements were taken from single layer Ti 
and V coatings and were successful for determining when a film becomes electrically 
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continuous. However, the point of electrical continuity and mechanical cohesion may not be 
the same. In addition, in-situ electrical conductivity is difficult to apply to a multilayer system 
consisting of two conducting materials such as those intended in this thesis. The technique of 
in-situ spectroscopic ellipsometry was also examined as a potential method for determining 
film thickness. For materials with known optical properties, spectroscopic ellipsometry allows 
accurate determination of individual layer thicknesses. For a system where the optical 
properties differ from that of the bulk, film thicknesses may not be able to be accurately 
determined, but small variations to the film surface can be detected. This makes in-situ 
spectroscopic ellipsometry suitable for determining when a new material is being deposited, 
and was used for the arc deposited samples as a quick and convenient method for observing 
the success or failure of layer formation on a surface.  
 
Pulsed magnetron sputtering was used to deposit Al/W multilayered samples with periods 
between 10 and 200 nm. This technique produced regular multilayer structures with rough 
interfaces. Indentation hardness and modulus measurements showed no hardness 
enhancements despite a layered microstructure. This result showed that the successful 
synthesis of a layered structure does not necessarily result in improved mechanical properties. 
Due to the low energy deposition associated with sputter systems, coatings are generally full 
of cracks and voids. The lack of an enhancement effect may be a consequence of low density, 
poor quality coatings.   
 
Under vacuum conditions in a pulsed cathodic arc, attempts were made to prepare a range of 
Al/W nanostructured multilayers with periods ranging from 1 to 200 nm. However this 
technique did not produce multilayer structures as a result of difficulties associated with 
growing Al layers on a W surface with energetic deposition. For samples deposited with a 
period of 20 nm and higher, only the initial Al layer is present. The samples with a period of 5 
and 10 nm showed decreasing Al layer thicknesses extending into only 1/3 of the total coating 
thickness and exhibited enhanced hardness values. The samples deposited with the finest 
nominal periods (1 and 2 nm) contained W-Al intermetallics and were soft.  
 
Despite the fact that layers were not necessarily present, a trend of increasing hardness and 
modulus was observed as the number of layers or attempted depositions increased. This trend 
was halted at fine periods where interface mixing results in the formation of soft 
intermetallics. The behaviour was explained by an increase in the density of defects in the W 
component of the structure caused by the interruptions during the attempted depositions of 
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Al. These defects produce pinning sites for dislocations resulting in an increase in hardness. 
Confirmation of this conclusion was obtained by fitting the data to a Hall-Petch relationship 
in which the hardness and layer thicknesses are shown to be correlated. There is also a strong 
positive correlation between stress and both hardness and modulus. The stress will increase 
to a value limited by the yield strength of the film material, which also determines the 
maximum hardness.  
    
Forming Al/W multilayers using cathodic arc proved problematic due to the nature of the 
energetic ions present in this method. Adding Ar or O2 during the growth process enabled 
multilayer structures to be synthesized by changing the growth conditions for Al at the W 
surface. The presence of a background gas results in a reduction in the energy of the incident 
ions due to collisions in the gas phase. The presence of adsorbed atoms on the coating surface 
also affects the collision mechanisms associated with ion-substrate interactions. These 
samples showed no enhancement in mechanical properties regardless of the structure 
observed. Further investigation of the arc deposited samples in a vacuum showed that the 
limited Al layering was a result of O at the W/Al interfaces. This O was responsible for 
varying the surface properties and collision mechanisms. As the residual O level in the 
chamber was used up, Al deposition was no longer possible. This explains why initial Al 
layering was observed in the arc deposited samples. 
 
In summary, the main findings of this thesis are: 
 
• In-situ conductivity measurements can be used to monitor layer formation, however 
this technique is particularly suitable for metallic layers on insulating substrates and is 
therefore difficult to implement in general to monitor the growth of multilayer films.  
 
• In-situ ellipsometry is a sensitive technique for monitoring film growth on surfaces. It 
can also be used to determine thicknesses of layers assuming optical constants are 
known.  
 
• The production of nanostructured multilayers does not necessarily lead to hardening 
enhancements. In the case of sputter deposited Al/W, no multilayer hardening 
enhancements were observed. 
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• Different deposition systems can produce vastly different results when attempting to 
form nanostructured multilayers. While sputtering was successful at producing 
multilayers of Al/W, the energetic nature of the depositing ions in the cathodic arc was 
problematic to the successful formation of Al layers on W surfaces.  
 
• No hardening enhancement due to the formation of multilayers was observed in this 
work. However, in the case of cathodic arc deposited Al/W, an enhancement in 
hardness was observed due to defects introduced into the growing W film by 
attempted deposition of Al.  
 
• This work showed that it is essential to characterise the microstructure of 
nanostructured multilayers in order to gain a full understanding of how they form and 
behave. 
 
 
8.1 – Further Work 
 
From the findings of this thesis, numerous ideas and suggestions have arisen. Possibilities for 
future work and direction are given below: 
 
• Continued investigation into producing optimal nanostructured multilayer systems by 
modifying the deposition conditions further. Depositing a complete set of Al/W 
multilayers in a range of period thicknesses with the aid of background gases or 
modifying the surfaces using an intermediate material. 
 
• Variations to the existing combination of materials, including using alternative 
hard/soft combinations to explore their likelihood of producing a coating with 
enhanced properties. Changes to the material selection in the cathodic arc may 
produce a preferred structure in regards to favourable bonding and film formation.  
 
• An investigation into the plasma transport properties during magnetron sputter 
deposition and cathodic arc deposition including the effect of charge states, incident 
ion energy, magnetic field strength etc. on film formation and growth mechanisms. 
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Understanding the deposition systems and growth modes more clearly would improve 
the likelihood of creating superior coatings.  
 
• Further microscopy to improve the degree of characterisation performed. The use of a 
FEGTEM and FIB to allow HRTEM to be utilised at the specific locations of indents 
following the hardness measurements. This would allow a clearer indication of the 
mechanism associated with the enhancement in mechanical properties, with the 
possibility of observing dislocation pile-ups.  
 
• Molecular dynamic simulations which take into account the effect of energetic ions 
may provide relevant information in regards to the problematic deposition of Al/W 
multilayers within a cathodic arc.  
